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ABSTRACT
This work presents a framework for the study of the physical conditions in astrophysical plasma
elements through linear and circular, radio and optical polarization monitoring. The term
“framework” is meant to describe the self-consistent character of the work which contains
all necessary elements to:
1. Design and conduct high-cadence, multi-frequency polarimetric observations.
2. Reconstruct the Stokes 4-vector of the observed radiation with high accuracy.
3. Interpret polarimetric observations based on the theoretical predictions of several emis-
sion, absorption and propagation effects which can generate, modify, or eliminate the
Stokes parameters of the radiation.
4. Reproduce the observed characteristics in the complete Stokes parameters set using a
radiative transfer code we developed on the basis of the model of Hughes et al. (1989a).
The development of the machinery of this framework was based on data obtained within
the F-GAMMA monitoring program. Our polarimetric methodology eliminates a number of
sources of uncertainty and is directly applicable to radio telescopes equipped with circularly
polarized feeds.
Using this methodology we recovered the polarization characteristics for a sample of 87
AGNs at 4 bands: 2.64, 4.85, 8.35 and 10.45 GHz. Our analysis focuses on observations
conducted with the 100-m Effelsberg telescope between July 2010 and January 2015 with a
mean cadence of 1.6 months.
We used these datasets to characterize the observed sample in terms of linear and circular
radio polarization. The computed polarization parameters were subsequently used as the basis
for the computation of the magnetic field strength of those jets and the rotation measure which
is attributed to the low energy magnetized plasma located in regions where the radiation is
emitted or propagated through. The theoretical predictions for the emission, absorption and
propagation of radiation were used to perform a thorough correlation analysis between several
observed characteristics in order to investigate the physical conditions of the emitting plasma
elements.
Multi-frequency, high cadence observations are essential in the study of the pronounced
variability these sources usually show. This variability was found to follow repeating pat-
terns in the Fν–ν domain for many sources, a prototype of which is the blazar 3C 454.3.
In many cases, these patterns agree with the predictions of the “shock-in-jet” model
(Marscher and Gear, 1985) which attributes them to the evolution of physical conditions at
shocked regions as they propagate downstream the jet. Our results showed coordinated changes
of the polarization characteristics which mark the transitions between the optically thick and
thin regimes of synchrotron emission. Assuming that these transitions are due to the opti-
cal depth evolution of the propagated shocks, we used our radiative transfer code to emulate
them and reproduce the variability observed in all Stokes parameters in the case of the proto-
type source 3C 454.3. We followed the strict requirement to reproduce this variability just by
evolving the physical characteristics of the emitting region according to the predictions of the
“shock-in-jet” model. This approach resulted in a number of estimates for the physical condi-
tions of this jet, like its particle number density, magnetic field coherence length and Doppler
factor.
Finally, we characterized our sample in terms of optical linear polarization using the data
obtained with the RoboPol monitoring program between May 2013 and July 2015. The com-
parison of those partially simultaneous, radio and optical polarization datasets did not show
any correlation between the two bands, suggesting that the physical conditions at the two emis-
sion sites are different. We detected 60 EVPA rotation events in the examined radio bands, that
occurred in 22 sources of our sample, 6 of which have also shown such events in the optical
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wavelengths. Assuming that these rotations are caused by the helical motion of emission el-
ements propagating downstream the jet, we used the rotation rates and the linear polarization
degree measurements in both the radio and optical bands to compare the (tangential) velocities
and hence the kinetic energies of those emission elements while they are propagating through
the radio and optical emission sites in the jet.
This thesis is structured as follows; In Chapter 1 we give a brief overview of the AGN struc-
ture and the theoretical predictions for the polarization properties necessary throughout the rest
of the thesis. In Chapters 2 and 3 we describe the machinery of our framework used to extract
and calibrate all the Stokes parameters for radio telescopes equipped with circularly polarized
feeds. In Chapter 4 we characterize the linear and circular radio polarization properties of our
sample of AGNs. Those are later used to calculate other physical parameters at the emission or
propagation regions and to perform a correlation analysis investigating the underlying physical
mechanisms. In Chapter 5 we describe our radiative transfer code and its application on the
radio polarimetric data of 3C 454.3 to reproduce the observed variability and extract a number
of its physical parameters. In Chapter 6 we characterize the optical polarization properties of
our sample, correlate them with the ones found in the radio bands and use the combined in-
formation to compare the physical conditions in the two emission sites in the jet. Finally, in
Chapter 7, we summarize the results and conclusions reached throughout this thesis.
vKURZZUSAMMENFASSUNG
Diese Arbeit präsentiert ein Rahmenwerk zur Studie physikalischer Zustände in astro-
physikalischen Plasmaelementen durch die langfristige Beobachtung linearer und zirkularer
Polarisation im Radio- und optischen Wellenlängenbereich. Der Begriff “Rahmenwerk” soll
hierbei den selbstkonsistenten Charakter dieser Arbeit verdeutlichen, welche alle nötigen Ele-
mente enthält um:
1. Polarisationsmessungen in mehreren Frequenzbändern mit hoher Beobachtungsrate zu
konzipieren und durchzuführen;
2. Den Stokes-4-Vektor der beobachteten Strahlung mit hoher Genauigkeit zu rekonstru-
ieren;
3. Polarisationsdaten basierend auf den theoretischen Vorhersagen verschiedener
Emissions-, Absorptions-, und Ausbreitungsmechanismen zu interpretieren, welche
die Stokes-Parameter generieren, modifizieren oder auslöschen können;
4. Die beobachteten Charakteristika des vollständigen Stokes-Vektors mittels eine
Strahlungstransfer-Codes zu reproduzieren, welcher auf der Basis des Models von
Hughes et al. (1989a) im Rahmen dieser Arbeit entwickelt wurde.
Die Basis zur Entwicklung der Methodik dieses Rahmenwerks bilden Daten, die als Teil
des F-GAMMA Beobachtungsprogramms gemessen wurden. Die hier beschriebene Methodik
eliminiert eine Reihe von Fehlerquellen und lässt sich direkt auf beliebige Radioteleskope an-
wenden, welche mit zirkular polarisiertem Feed ausgerüstet sind.
Durch die Anwendung dieser Methode wurden die Polarisationscharakteristika von 87 ak-
tiven Galaxienkernen in vier Frequenzbändern rekonstruiert: 2,64, 4,85, 8,35 und 10,45 GHz.
Die entsprechenden Daten wurden mit dem Effelsberg-100m-Teleskop zwischen Juli 2010 und
Januar 2015 mit einer mittleren Wiederholungsrate von 1,6 Monaten gemessen.
Basierend auf diesen Daten wurden die linearen und zirkularen Polarisationszustände der
Objekte in der Stichprobe untersucht. Die erhaltenen Polarisationsparameter wurden daraufhin
verwendet, um die magnetische Feldstärke dieser Jets zu errechnen sowie das RotationsmaÃ§,
welches auf das niedrigenergetische, magnetisierte Plasma zurückzuführen ist, welches sich
in den Regionen befindet, in denen die Strahlung erzeugt oder durch diese transmittiert wird.
Theoretische Vorhersagen über die Emission, Absorption und Transmission wurden verwendet,
um verschiedene Kombinationen von gemessenen Grössen auf Korrelationen zu untersuchen,
um Rückschlüsse auf das emittierende Plasmaelement zu ziehen.
Wiederholte Beobachtungen in mehreren Frequenzbändern in kurzen Zeitintervallen sind
nötig, um die ausgeprägte Variabilität, die diese Objekte typischerweise zeigen, untersuchen zu
können. Es ist bekannt, dass diese Variabilität einem wiederholenden Muster im Fν–ν-Raum
folgt. Blazar 3C 454.3 ist hierfür ein Prototyp. In vielen Fällen stimmt dieses Muster mit den
Vorhersagens des “shock-in-jet”-Modells (Marscher and Gear, 1985) überein, welches dieses
auf die Entwicklung des physikalischen Zustandes der schockkomprimierten Region zurück-
führt, während diese durch den Jet propagiert. Hier präsentierte Resultate zeigen schematische
Änderungen des Polarisationszustandes, welche den Übergang von der optisch dicken zur op-
tisch dünnen Synchrotronemission darstellen. Unter der Annahme, dass diese Übergänge durch
die Änderung der optischen Tiefe des propagierenden Schocks beschrieben werden können,
wurde für das Objekt 3C 454.3 ein Strahlungstransfer-Code angewendet, um die beobachtete
Variation in allen vier Stokes-Parametern nachzubilden. Hierbei wurde der strikten Bedingung
Folge geleistet, dass die beobachtete Variation lediglich aus der Entwicklung der physikalis-
chen Charakteristika der Emissionsregion resultiert, gemäss den Vorhersagen des “shock-in-
jet”-Modells. Aus diesem Ansatz resultiert die Schätzung einer Reihe von physikalischen Pa-
rametern, darunter die Partikelanzahldichte, die Kohärenzlänge des magnetischen Feldes und
der Dopplerfaktor des Jets.
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Des Weiteren wurde die lineare Polarisation im optischen Frequenzbereich der gesamten
Objektstichprobe untersucht, basierend auf den Daten, die im Rahmen des RoboPol Beobach-
tungsprogramms zwischen May 2013 und Juli 2015 gemessen wurden. Der Vergleich der
zum Teil zeitgleichen Daten im optischen und im Radiobereich zeigte keinerlei Korrelation
zwischen den zwei Frequenzbändern. Dies deutet darauf, dass die physikalischen Bedingun-
gen in den zwei Emissionsregionen verschieden sind. Insgesamt 60 EVPA-Rotationen wur-
den in den untersuchten Frequenzbändern beobachtet. Diese traten in 22 Objekten aus der
gesamten Stichprobe auf, sechs davon zeigten ebenfalls Rotationen im optischen Wellenlän-
genbereich. Unter der Annahme, dass diese Rotationen aus der Bewegung von spiralförmig
durch den Jet propagierenden Emissionselementen resultiert, wurden die Rotationsraten und
der lineare Polarisationsgrad in beiden Frequenzbereichen verwendet, um die (tangentialen)
Geschwindigkeiten und somit die kinetische Energie der Emissionselemente zu vergleichen,
während diese durch das Radio- bzw. optische Emissionsgebiet propagieren.
Diese Arbeit gliedert sich wie folgt: Kapitel 1 gibt eine kurze Einleitung in die Struktur
von aktiven Galaxienkernen und theoretische Vorhersagen über die Polarisationseigenschaften,
die in der weiteren Arbeit benötigt werden. In den Kapiteln 2 und 3 wird die Methodologie
zur Kalibrierung und Messung von Stokes-Parametern für mit zirkular polarisierten Feeds aus-
gestattete Radioteleskope beschrieben. In Kapitel 4 werden die linearen und zirkularen Polari-
sationseigenschaften der untersuchten Stichprobe von aktiven Galaxienkernen charakterisiert.
Diese Ergebnisse werden dann verwendet, um zum einen weitere physikalische Parameter
der Emissionsregion abzuleiten, zum anderen mittels Korrelationsanalyse die grundlegenden
physikalischen Mechanismen zu untersuchen. In Kapitel 5 wird der Strahlungstransfer-Code
beschrieben und auf die polarimetrischen Daten von 3C 454.3 angewandt, um die beobachtete
Variabilität zu rekonstruieren und daraus verschiedene physikalische Parameter abzuleiten.
Die optischen Polarisationseigenschaften der untersuchten Stichprobe von Objekten werden
in Kapitel 6 untersucht und mit den entsprechenden Radiopolarisationsdaten korreliert, um die
physikalischen Bedingungen der beiden Emissionsregionen im Jet, verantwortlich für die op-
tische und die Radio-Emission, zu vergleichen. Zuletzt werden die Ergebnisse und Schlussfol-
gerungen dieser Arbeit in Kapitel 7 zusammengefasst.
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Chapter 1
Synchrotron emission and radiative
transfer
Abstract
In the current thesis, we apply the framework we developed to study the physical
conditions in extragalactic jets, hosted by AGNs. Those jets are radiating in the radio
and optical bands through the incoherent synchrotron mechanism. In this chapter we
give a brief overview of the AGN structure and we provide the theoretical predictions
for a number of synchrotron emission, absorption, and propagation effects which can also
modify the polarization characteristics. Such effects will be used in the following chapters
to interpret the observed behaviour.
The information presented in this chapter is text-book knowledge and can be found
at, (e.g. Pacholczyk, 1970, 1977; Ginzburg, 1979; Rybicki and Lightman, 1979). Here we
provide it however to establish a common nomenclature throughout this thesis and accu-
mulate the part of theory relevant to this work. Most analysis is taken from Pacholczyk
(1970) and Pacholczyk (1977).
1.1 ACTIVE GALACTIC NUCLEI: THE BIG PICTURE
The term Active Galactic Nucleus (AGN) is used in modern Astrophysics to describe the cen-
tral regions of galaxies which exhibit immense energy production. AGNs radiate over an ex-
treme range of frequencies with bolometric luminosities higher than their host galaxies up to a
factor of ∼100. The typical AGN bolometric luminosities are of the order of 1011 – 1013 L⊙,
i.e. ∼ 1044 – 1046 erg s−1 (e.g. Peterson, 1997). Furthermore, the AGN emission is highly
variable over a very broad range of time scales, from minutes to years. According to coher-
ence arguments, the short time scales indicate that most of the radiated energy is produced in
a region of linear scale comparable the size of our Solar system. This extreme energy produc-
tion in such compact regions supports the current consensus that the energy source of AGNs
are supermassive black holes (SMBHs) with masses of the order of 109±1 M⊙ (e.g. Peterson,
1997).
The typical structure of an AGN is shown in Fig. 1.1 and its main constituents are described
in the following subsections.
1.1.1 The “central engine” and the obscuring torus
The main energy source – “central engine” – of all AGNs is considered to be a supermas-
sive black hole (SMBH) of ∼ 109 M⊙ located at their centes. Its gravitational field accretes
matter from the inner part of the host galaxy, surrounding the AGN, and an accretion disk is
created as a result of the angular momentum conservation of the infalling material. Part of
1
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Figure 1.1: A schematic representation of the AGN structure. The different types of AGN are
labeled according to the unification scheme. Figure taken from Beckmann and Shrader (2012)
the gravitational potential energy released through the accretion process is radiated away and
the accretion disk becomes extremely hot and luminous due its viscosity. The accretion disk
radiation is responsible for the thermal component of the AGN emission and peaks around the
extreme ultraviolet and X-ray wavelengths (e.g. Begelman, 1985; Peterson, 1997).
The flow of material onto the SMBH is provided by an optically thick torus which sur-
rounds the radiating accretion disk. Depending on the orientation of the AGN with respect to
our line of sight (LoS), this torus may obscure the “central engine” from our view.
1.1.2 The narrow and broad line regions
The optical and ultraviolet parts of AGN spectra host a series of broad and narrow lines. Mea-
surements of their Full Width at Half Maximum (FWHM) reveal that the regions where broad
lines are emitted have average speeds of the level of 5000 km s−1 while the ones producing the
narrow lines of the order of 400 km s−1. Furthermore, in the cases where the “central engine”
was obscured by the torus, the broad lines appeared much fainter and more polarized than the
narrow lines (Antonucci and Miller, 1985).
These observations were interpreted as an AGN orientation effect. The broad lines are pro-
duced from clouds moving at high velocities because they orbit the SMBH at a close distance.
When the AGN orientation conceals the central region from our LoS, these clouds are not seen
directly but only after their emission is scattered in the outer parts of the AGN or the innermost
part of the host galaxy. Thus, their lines appear faint and highly polarized due to scattering.
On the other hand, narrow lines are produced by low velocity clouds orbiting the SMBH at
greater distances. They are observed directly independently of the AGN orientation and thus
their lines are not polarized (Antonucci and Miller, 1985).
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These findings led to the unification scheme of AGNs (Urry and Padovani, 1995) which
attributes the various types of AGN we observe to their orientation with respect to our LoS.
For example, the fact that broad lines are observed for Seyfert 1 but not Seyfert 2 galaxies is
explained in this scheme by the obscuration of the central part of the latter type by the torus.
The different classifications of AGN and their explanation according to the unification scheme
are shown in Fig. 1.1.
1.1.3 The jet
In about 10 % of AGNs, the so-called radio-loud (RL) ones, a relativistic, collimated, bipo-
lar flow of material appears to be ejected from the “central engine”, known as the jet (e.g.
Beckmann and Shrader, 2012). Jets can reach distances of the order of hundreds of kpc or
even Mpc and are often terminated in extended regions where material and energy is dissi-
pated. Those regions are very bright radio sources, called “hot spots”. Jets appear to be very
collimated with opening angles θ ≤ 15◦. Furthermore, the fact that they emit from radio to op-
tical or even X-ray wavelengths with the incoherent synchrotron mechanism becomes evident
from the continuum, non-thermal appearance of their spectra and the high linear polarization
observed (e.g. Boettcher et al., 2012).
Although the composition of jets is an open question, the flow is thought to be described
by a charge-neutral plasma of a roughly equal admixture of electrons and protons or electrons
and positrons which have similar densities. The typical densities of jets are of the order of
10−3 − 10−2 cm−3 (e.g. Begelman et al., 1984). The relativistic motion of jets is supported
by a number of observational facts, one of which is that they often appear one-sided. This is
attributed to the Doppler beaming effect which enhances the radiation towards the direction of
motion of the emitter, due to the relativistic aberration and time dilation effects. Thus, although
jet flows are bipolar, in the case of their close alignment with our LoS the flow directed away
from us becomes unobservable (e.g. Boettcher et al., 2012).
The spectral energy distributions (SEDs) of AGN jets span from the radio up to TeV ener-
gies and contain usually two broad components (Fig. 1.2). The low energy component is at-
tributed to the incoherent synchrotron emission of the jet particle population. The strongest ar-
gument in favor of this interpretation is the high linear polarization degree observed at these fre-
quencies. The high frequency component on the other hand is attributed to two competing inter-
pretations or models, the leptonic and the hadronic one. The leptonic model attributes the emis-
sion to the inverse Compton up-scattering of the low frequency synchrotron photons to high
energies by the relativistic particles that emit them, (e.g. Bednarek et al., 1996). The hadronic
model predicts that the high energy photons are produced by electromagnetic cascades which
are triggered by photo–pion production from the interaction of ultra-relativistic protons with
the ambient synchrotron photons, (e.g. Kazanas and Mastichiadis, 1999; Mücke et al., 2003).
Although the exact processes to form, collimate and sustain jets are not yet fully under-
stood, jets can be adequately described as relativistic magnetized plasma systems. Such sys-
tems are expected to emit radiation with linearly and circularly polarized components (vide
infra). The polarized emission is later propagated through the magnetized jet plasma, i.e. a
magneto-ionic medium which, under certain circumstances, can change its polarization char-
acteristics. The initial polarization state as well as the changes it undergoes as the emission
propagates through the jet are unique probes to estimate many physical parameters of the emit-
ting and transmitting jet plasma. This approach is similar to the techniques used to study many
systems that can not be simulated in vitro (e.g. the Earth’s magma or the Sun’s plasma). The
knowledge of these physical parameters helps to create or improve theoretical jet models by
narrowing their parameter spaces. Furthermore, they offer the potential to investigate the phys-
ical conditions in the vicinity of the AGN’s “central engine” which is physically and causally
connected with the jet itself.
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Figure 1.2: The SED of the blazar 3C279. The pronounced variability is evident by the
large scatter of data points across the whole electromagnetic spectrum. Figure taken from
Boettcher et al. (2012).
Another important characteristic of the AGN jet emission is its pronounced variability
across the electromagnetic spectrum, as shown in the example of Fig. 1.2. This variability is
often manifested in the synchrotron part of the jet emission by strong flares which are caused
by the appearance of SED components at the high frequencies which usually propagate later
towards the lower frequencies, (e.g. Marscher and Gear, 1985). These components are often
attributed to confined particle “clouds” of higher densities or magnetic field strengths as com-
pared to the large scale flow of the jet. Most of the times these particle “clouds” are correlated
with localized emission elements in VLBI radio maps of jets. The evolution of their physical
characteristics as they propagate downstream the jet is imprinted on their spectral variability as
well the changes of their polarization state. Thus, multi-frequency, high cadence observations
of their total flux and polarization are powerful probes to study the physical parameters of
these systems.
This work is concentrated on the study of the AGN jet emission and variability in the radio
and optical parts of the electromagnetic spectrum by means of high cadence, multi-frequency
linear and circular radio as well as linear optical polarimetry. We exploit the invaluable tool of
polarimetry primarily because such information are a direct measure of the physical parameters
of the emitting regions, like their magnetic field strength and uniformity. In the following
sections, we will describe the emission processes which produce the polarized radio and optical
jet radiation as well as the effects which can potentially change the polarization characteristics
of the emission during its propagation through the jet’s magnetized plasma.
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1.2 SYNCHROTRON EMISSION
As discussed above, we focus on the radio and optical parts of the AGN jet emission, consid-
ered to be generated by the incoherent synchrotron mechanism. In this section, we describe
briefly the synchrotron emission from a single particle as well as from an ensemble of particles
embedded in large scale magnetic fields. This setup can be considered as the first order approx-
imation of a synchrotron emitting AGN jet as well as the high density "clouds" which cause
the flaring behavior as described in subsection 1.1.3. The predictions of synchrotron theory
presented here provide a link between the physical conditions of the emitting regions and the
total flux as well as linear and circular polarization characteristics of the emitted radiation.
The information presented in the following sections is text-book knowledge and can be
found at, e.g. Pacholczyk (1970, 1977); Ginzburg (1979); Rybicki and Lightman (1979). Here
we provide it however to make sure we have a common nomenclature throughout this thesis
and also gather together the part of theory relevant to this work. Most analysis is taken from
Pacholczyk (1970) and Pacholczyk (1977). Here, we present the properties of synchrotron
radiation and focus on its linear and circular polarization characteristics.
When charged particles move through regions with magnetic fields, they follow helical
trajectories due to the Lorentz force that acts on them as a form of centripetal force. The
centripetal acceleration results to the emission of electromagnetic radiation, called cyclotron.
If the particles are moving with relativistic velocities, the emission is called synchrotron.
1.2.1 Emission from a single particle
Here we discuss the details of synchrotron emission from a single particle gyrating a magnetic
field. The equations are directly applicable for radiating electrons. However, they can be easily
recalculated for particles of any mass or charge.
The synchrotron emission from a single particle can be studied by solving the vector and
scalar Liénard-Wiechert potentials for the special case of a single particle moving on a helical
trajectory. These potentials are solutions of Maxwell’s equations and they are used to calculate
the electric and magnetic fields of the particle’s radiation as
E = −1
c
∂A
∂t
−∇φ
H = ∇×A
(1.1)
where,
E the electric field of the radiation
H the magnetic field of the radiation
A the vector Liénard-Wiechert potential
φ the scalar Liénard-Wiechert potential and
c the speed of light
It is important to emphasize that the Liénard-Wiechert potentials of the emitting charge and
current distributions are evaluated at the time that the radiation is emitted and not at the time it
is observed. This time is called the retarded time and is given by
t′ = t− R0(t
′)
c
(1.2)
where,
t′ the retarded time
t the time of observation and
R0(t
′) is the vector distance from the observer to the emitting element at the re-
tarded time t′
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The Liénard-Wiechert potentials at that time are given by the following expressions
A(R, t) =
1
c
∫
R−10 j(r
′, t′)δ
(
t′ − t+ R0(t
′)
c
)
dτ ′dt′
φ(R, t) =
∫
R−10 Q(r
′, t′)δ
(
t′ − t+ R0(t
′)
c
)
dτ ′dt′
(1.3)
where,
j the current density of the emission element at the retarded time t′
Q the charge density of the emission element at the retarded time t′
τ ′ the volume containing j andQ at the retarded time t′
In the case of a single particle moving with high velocity, the generic solution of Eq. 1.1
takes the form
E =
e
R′0
Rˆ
′
0 ×
[(
Rˆ
′
0 − β′
)
× β˙′
]
c
(
1− β′ · Rˆ′0
)3
H = Rˆ
′
0 ×E
(1.4)
where,
e the elementary charge
Rˆ
′
0 the unit vector of the distance vector R0 at the retarded time t
′
β′ the velocity vector of the moving particle in units of c at the retarded time t′
β˙
′
the acceleration vector of the moving paricle at the retarded time t′
Eq. 1.4 is valid only for large distances from the moving particle. See also Eqs. 3.8 of
Pacholczyk (1970).
Using Eq. 1.4, we calculate the radiated power of synchrotron emission per unit solid angle,
p˜Ω, as
p˜Ω =
c
4π
E2R20
=
e2
4πc
 (β˙′)2(
1− β′ · Rˆ′0
)4 + 2(Rˆ
′
0 · β˙
′
)(β′ · β˙′)(
1− β′ · Rˆ′0
)5 − (Rˆ
′
0 · β˙
′
)2
γ2
(
1− β′ · Rˆ′0
)6
 (1.5)
where,
γ the paricles’s Lorentz factor
γ =
(
1− β2
)−1/2
(1.6)
β the velocity of the moving particle in units of c
See also Eqs. 3.9 of Pacholczyk (1970). As shown in Eq. 1.5, the radiated power per unit
solid angle has a strong inversely proportional dependence on the quantity
(
1− β′ · Rˆ′0
)
and
it becomes significant when
β′ · Rˆ′0 ≈ 1⇒ β′ cosψ ≈ 1⇒ β′ +
β′ψ2
2
≈ 1⇒ ψ ≈ 2
β′
√
(1− β′) ∼ 1
γ
(1.7)
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Figure 1.3: The polar diagram of the radiated power from a single moving particle with per-
pendicular velocity and acceleration vectors when it moves with (a) low and (b) high velocity.
Figure taken from Longair (2011).
where ψ is the angle between the particle velocity vector, β′, and the unit vector, Rˆ
′
0, of the
observer’s LoS at the retarded time t′. In the second step of the derivation 1.7, we used the
first terms of the Taylor expansion of the cos function. As a consequence, the radiated power
is concentrated within a small angle around the velocity vector of the emitting particle when
β′ ≈ 1, i.e. when the particle is moving at relativistic velocities (synchrotron radiation). The
polar diagram of the radiated power for the cases of low and high particle velocities are shown
in Fig. 1.3.
Spectral distribution and polarization characteristics
The conclusions of the previous discussion are valid for any set of particle velocity, β′, and
acceleration, β˙
′
, vectors. In other words, Eq. 1.5 can be used to estimate the radiated power
per unit solid angle of radiating moving particles as long as their velocity and acceleration
vectors are provided.
In the case of synchrotron radiation, the particle is moving on a helical path and its motion
is easily described in a reference system with one axis parallel to the magnetic field direction.
Furthermore, the radiation is concentrated within a small angle around the velocity vector
because the particles are moving at high velocities. Thus, a distant observer will sense periodic
pulses of radiation as the particle gyrates the magnetic field lines. It can be shown that the
period of these pulses is
T ≈ 2π
ωH
sin2 θ (1.8)
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where,
θ the paricle’s pitch angle, i.e. the angle between its velocity vector and the
magnetic field direction
ωH the relativistic particle gyrofrequency. If the particles are electrons it is
given by
ωH =
eH
γmec
(1.9)
whereme is the electron mass
Thus, the received power per unit solid angle will be modulated by the fundamental fre-
quency, given by the inverse of Eq. 1.8, and its higher harmonics. Using a similar definition to
Eq. 1.5, the received power per unit solid angle for an observer located at distance R from the
emitting particle and for each of these harmonics, n, is given by
p˜nΩ =
c
2π
|En|2R2 (1.10)
This is larger than Eq. 1.5 by a factor of 2 because both the nth and (−n)th harmonics of the
electric field contribute equally to the power in the nth harmonic, since p˜nΩ ∝ EnE∗n and
E(t) is a real function, i.e. E∗n = −E−n (see also Eq. 1.11). We have to take this fact into
consideration for our calculations even though negative harmonics have no physical meaning.
In order to evaluate Eq. 1.10, we need an expression for the harmonics of the electric field,
En. First, we estimate the electric field, E(t), of a synchrotron emitting particle by replacing
the velocity and acceleration vectors for its helical trajectory in Eq. 1.4 and then we calculate
its harmonics, given by the Fourier transform
En =
ωH
2π sin2 θ
∫ 2pi sin2 θ
ωH
0
E(t) exp
(
i
ωH
sin2 θ
nt
)
dt (1.11)
where n is the number of the harmonic. A detailed derivation can be found in Pacholczyk
(1970).
The above steps give
En = n
e√
3πRc
ωH
sin5 θ
exp
(
i n
ωH
sin2 θ
R
c
)
[
lˆ
1
γ2
(1 + γ2ψ2)K2/3(y) + imˆ
ψ
γ
√
1 + γ2ψ2K1/3(y)
] (1.12)
where,
R the distance between the observer and the particle
K2/3 andK1/3 are Bessel functions of the second kind with imaginary arguments of the
quantity
y =
n
3γ3 sin3 θ
(1 + γ2ψ2)
3/2 (1.13)
lˆ and mˆ are unit vectors which form a reference frame together with the radiation
propagation unit vector kˆ towards the observer. In this frame, mˆ is aligned
with the projection of the magnetic field onto the plane perpendicular to the
unit vector kˆ. In the context of celestial observations, mˆ and lˆ are aligned
parallel and perpendicular to the projection of the magnetic field on the
plane of the sky respectively.
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We want to emphasize that Eq. 1.12 is derived using the assumption that the quantity 1/γ
can be neglected when compared with unity, i.e. second and higher order terms of this quantity
have been excluded from the calculations. Therefore this condition is also assumed for all the
expressions presented until subsection 1.2.5. This assumption is valid in the case that the emit-
ting particles are moving at very high velocities, but it cannot be used without consequences
in the case of particles of lower, but still relativistic speeds. This fact becomes particularly
important for polarization studies since the conclusions using this assumption are incomplete,
especially considering the circular polarization characteristics of synchrotron radiation, as dis-
cussed in subsection 1.2.5.
Since the electric field of Eq. 1.12 has two components in the lˆ and mˆ directions, the
radiated power can be split in two components along the same directions. Furthermore, the
fact that Eq. 1.12 is roughly ∝ n/γ3 means that for large γ values the electric field amplitude
and consequently the radiated power of higher harmonics are more significant compared to
the lower ones. This results in the broadening of the emitted power spectrum to the point that
becomes practically continuous (see also section 6.6 of Rybicki and Lightman (1979)). Under
these circumstances, we can substitute the harmonic number n with the frequency
ν = n
ωH
2π sin2 θ
(1.14)
The final expressions of the radiated powers per unit solid angle and frequency over direc-
tions lˆ and mˆ are given by
p˜
( lˆ )
νΩ =
3e2
4π2c
ωH
sin2 θ
γ2 (1 + γ2ψ2)2 x2K22/3(y)
p˜
( mˆ )
νΩ =
3e2
4π2c
ωH
sin2 θ
γ4ψ2 (1 + γ2ψ2) x2K21/3(y)
(1.15)
where,
x is the frequency normalized to a critical frequency νc, which is of the same
order of magnitude as the peak frequency of the single particle synchrotron
radiation spectrum.
νc =
3
4π
ωH sinϑ γ
3 (1.16)
and ϑ is the angle between the magnetic field direction and the line of sight.
For very high particle velocities, θ ≈ ϑ.
It is of special interest to estimate the energy losses of the emitting particle due to syn-
chrotron radiation by integrating the expressions in Eqs. 1.15 over all solid angles and frequen-
cies. When we take into account properly the velocity of the emitting particle along the line of
sight (Ginzburg, 1979) we find that
− dE
dt
=
2(Ze)4
3m4c7
H2 sin2 ϑE2 (1.17)
where,
Ze the charge of the emitting particle
m the mass of the emitting particle
The above equation shows that the power of synchrotron radiation of electrons or positrons is
∼ 18404 ≈ 1.1× 1013 greater when compared to that of protons of the same energy!
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Another interesting conclusion is that the synchrotron radiation of a single particle is ellip-
tically polarized. This is discerned from the fact that its electric field has two unequal complex
amplitudes of the same argument (Eq.1.12). The amplitudes of the two electric field compo-
nents are used to calculate its ellipticity b as
tan b = ψ
γK1/3(y)√
1 + γ2ψ2K2/3(y)
(1.18)
The major axis of the polarization ellipse is perpendicular to the projection of the magnetic field
on the plane of the sky (i.e. parallel to the unit vector lˆ). We see from Eq.1.18 that the ellipticity
is an odd function of the angle ψ which means that its sense of rotation depends on the angle
between the line of sight and the velocity vector of the radiating particle, being left-handed
when ψ > 0 and right-handed in the opposite case. Positive ψ angles are considered when the
line of sight forms a greater angle with respect to the magnetic field as compared to the particle
pitch angle. When the line of sight is aligned with the particle velocity, ψ = 0 and its emission
is linearly polarized with the electric vector position angle (EVPA) being perpendicular to the
projection of the magnetic field on the plane of the sky.
1.2.2 Emission and absorption from an ensemble of particles
The next step in our approach to emulate the conditions of the synchrotron emitting regions
in AGN jets is to generalize the previous equations for an ensemble of synchrotron emitting
particles of various energies. We do that by integrating the spectral power per unit solid angle
radiated from a single particle (Eqs. 1.15) over the energy, E, and solid angle, Ω, for the
emitting particle population. For an isotropic distribution of particle velocities, the integration
takes the form:
ε(i)ν =
1
4π
∫ ∞
0
N(E)
(∫
4pi
p
(i)
νΩ dΩ
)
dE (1.19)
where,
N(E) the energy distribution of the emitting particles
i = lˆ, mˆ the component of the integrated spectral power. This distinction is based on
the fact that synchrotron radiation has two components, parallel and perpen-
dicular to the projection of the magnetic field on the plane of the sky (see
Sect. 1.2.1).
The expression of Eq. 1.19 is the spectral emission coefficient of synchrotron radiation from a
stationary region of omnidirectional particle velocities.
Since the radiation is beamed within small angles around the velocity vector of the emitting
particles, the expression in the parenthesis of Eq. 1.19 will be performed over the solid angle
dΩ ≈ 2π sinϑdψ which defines a ring where most of the synchrotron radiation is concentrated
during the gyration of the emitting particle around the magnetic field (Fig. 1.4). Thus, in order
to estimate the spectral emission coefficients over the directions i = lˆ, mˆ, we need to solve
Eq. 1.19 for the radiated powers of Eqs. 1.15, which yields
ε(i)ν =
1
2
√
3
4π
e3
mc2
H sinϑ
∫ ∞
0
N(E) [F (x)±G(x)] dE (1.20)
where,
F (x) = x
∫ ∞
x
K5/3(z)dz
G(x) = x K2/3(x)
(1.21)
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Figure 1.4: The solid angle covered by synchrotron emitting particles of pitch angle α. Figure
taken from Rybicki and Lightman (1979).
and the +/- signs refer to directions lˆ and mˆ respectively. Finally, the total emission coefficient
can be calculated as the sum of the coefficients over all directions. Therefore, in the total
coefficient, the contribution of the function G(x) vanishes. The functions F (x) and G(x) are
shown in Fig. 1.5.
1.2.3 Self-absorption
Under certain conditions, the synchrotron photons emitted from a particle population can be
absorbed by the emitting particles themselves. A convenient and elegant approach to estimate
the absorption of a synchrotron emitting source, is through the utilization of the Einstein coef-
ficients which follow the relation
B
(i)
12 = B
(i)
21 = A
(i)
21
c2
hν3
(1.22)
where,
B12 the Einstein coefficient for absorption between energy levels 1 and 2
B21 the Einstein coefficient for stimulated emission
A21 the Einstein coefficient for spontaneous emission
i = lˆ, mˆ the component of the polarized emission/absorption parallel and perpendic-
ular to the projection of the magnetic field on the plane of the sky respec-
tively
The above relation provides a way to estimate the absorption of a synchrotron emitting source.
Given that the emission has two distinct components with respect to the direction of the mag-
netic field on the plane of the sky (Eq. 1.20), it is expected that the absorption coefficients will
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Figure 1.5: The functions F (x) and G(x)
also follow this dichotomy. The absorption coefficients for an isotropic distribution of particles
are
κ(i)ν = −
√
3e3
8πmν2
H sin ϑ
∫ ∞
0
E2
d
dE
(
N(E)
E2
)
[F (x)±G(x)] dE (1.23)
The detailed derivation of Eq. 1.23 can be found in Pacholczyk (1970); Ginzburg (1979);
Rybicki and Lightman (1979).
1.2.4 Emission and absorption for an ensemble of particles with power law energy
distribution
In many astrophysical contexts, the particle energies follow a power law distribution. This is
the case also for AGN jets, where one of the main particle acceleration processes is thought to
be Fermi acceleration, which gives power law energy distributions.
Emission and absorption coefficients
We can calculate the emission and absorption coefficients for an ensemble of synchrotron emit-
ting particles with power-law energy distribution of the form
N(E) = N0 E
−s (1.24)
by substituting 1.24 in expressions 1.20 and 1.23. These calculations yield
ε(i)ν =
1
2
C3(s) N0 (H sin ϑ)
(s+1)/2
(
ν
2C1
)(1−s)/2 (
1± s+ 1
s+ 7/3
)
κ(i)ν = C4(s) N0 (H sin ϑ)
(s+2)/2
(
ν
2C1
)
−(s+4)/2 (
1± s+ 2
s+ 10/3
) (1.25)
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where,
C1 =
3e
4πm3c5
= 6.27 × 1018
C2 =
√
3e3
4πmc2
= 1.87 × 10−23
C3(s) =
1
4
C2
(
s+ 7/3
s+ 1
)
Γ
(
3s− 1
12
)
Γ
(
3s+ 7
12
)
C4(s) =
1
32
(
c
C1
)2
C2
(
s+
10
3
)
Γ
(
3s+ 2
12
)
Γ
(
3s+ 10
12
)
(1.26)
These relations can be used to estimate the coefficients per direction, i = lˆ, mˆ, as well as the
total coefficients as their sum.
Spectral intensity
Expressions 1.25 can be used as input to the radiative transfer equation in order to estimate
the spectral intensity for a synchrotron emitting and absorbing ensemble of particles. If we
assume that there is no incident radiation and the emission and absorption coefficients are
constant throughout the emitting region, the radiative transfer equation can be written as
Iν(τν) = Sν(1− e−τν ) (1.27)
where,
Iν the spectral intensity of the emitting region
τν the optical depth
Sν the source function of the emitting region, defined as
Sν =
εν
κν
(1.28)
The solution of Eq. 1.27 for a power law energy distribution is
Iν = S(ν1) · J( ν
ν1
, s) (1.29)
where,
ν1 the frequency where the optical depth of the emitting region becomes unity,
τ(ν1) = 1. It is given by
ν1 = 2 C1[z C4(s)]
2/(s+4)N
2/(s+4)
0 (H sinϑ)
(s+2)/(s+4) (1.30)
with z being the size of the emitting region
and also
S(ν1) =
C3(s)
C4(s)
(H sin ϑ)−
1/2
(
ν1
2C1
)5/2
J(x, s) = x
5/2 [1− exp(−x−(s+4)/2)]
(1.31)
Expression 1.29 shows that the spectral intensity of a synchrotron emitting and self-absorbing
ensemble of particles has the form of the function J(x, s), given in Eq. 1.31, and its location is
determined by the values of ν1 and S(ν1). A plot of the J(x, s) function for various values of
the power law index, s, are shown in Fig. 1.6.
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Figure 1.6: The J(x, s) function for various values of the power law particle energy distribution
index, s.
At high frequencies, the emission is optically thin and the absorption coefficient becomes
insignificant. In this spectral region the intensity follows a frequency dependence similar to
that of the emission coefficient (Eq. 1.25)
Iν ∝ ν−(s−1)/2 = ν−α (1.32)
where,
α the power law index of the spectral intensity in the optically thin part of the
emission, given by
α =
s− 1
2
(1.33)
At low frequencies, the emission is optically thick and the intensity follows the frequency
dependence of the source function, Sν (Eq. 1.28)
Iν ∝ ν5/2 (1.34)
For s > 1, the intensity has a maximum value at a certain frequency, νm, which is also seen
in Fig. 1.6. The optical depth of the emitting region at this point, τm, can be calculated from
eτm = 1 +
s+ 4
5
τm (1.35)
Evidently, the frequency νm is not coincident with the frequency where the optical depth of the
emitting region is unity, ν1 and their ratio can be calculated as
ν1
νm
= τ
2/(s+4)
m (1.36)
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1.2.5 Emission and absorption from an ensemble of mildly relativistic particles
In the above discussion, only particles moving at very high velocities were considered, as it
was also mentioned in subsection 1.2.1. The Lorentz factors γ, of those particles are so large
that terms of the order of 1/γ can be neglected. In fact, that was one of the main assumptions to
derive Eq. 1.12, on which all the expressions discussed so far are based. Here, we show how the
derived expressions, and the corresponding conclusions, are affected when this assumption is
relaxed and higher orders of γ−1 are considered non-negligible. The calculations are described
extensively in Chapter 2 of Pacholczyk (1977).
It is clear that we need to repeat the derivation of all relations and expressions. This is due
to the fact that, under the new assumption, even the period of the received pulses from a single
synchrotron radiating particle, changes. It is now given by
T =
2π
ωH
(1− β‖ cos ϑ) =
2π
ωH
(1− β cos θ cos ϑ) (1.37)
where,
ωH the relativistic particle gyrofrequency (Eq. 1.9)
β‖ the magnitude of the velocity vector component parallel to the magnetic
field
ϑ the angle between the magnetic field, H, and the LoS
θ the pitch angle of the emitting particle gyrating the magnetic field
In the case of highly relativistic particles, β ≈ 1 and ϑ ≈ θ and Eq. 1.37 reduces to Eq. 1.8.
Instead, if we consider just one more order of γ−1 in the calculations we get
T =
2π
ωH
sin2 θ (1 + ψ cot θ) (1.38)
where ψ the angle between the direction of the particle velocity and the LoS at the moment
they are both coplanar with the magnetic field direction. This change in period is crucial since
it alters all the expressions derived from that. For example, the the nth harmonic of the electric
field becomes
En = n
e√
3πRc
ωH
sin5 θ
exp
(
i n
ωH
sin2 θ(1− ψ cot θ)
R
c
)
[ˆ
l w2K2/3(y) + imˆ w(ψ +
1
2
w2) cot θ K1/3(y)
] (1.39)
where,
w2 =
1 + γ2ψ2
γ2(1− 2ψ cot θ)
y =
n
3γ3 sin3 θ
(1 + γ2ψ2)
3/2 (1 + ψ cot θ)
3/2
(1.40)
instead of Eq. 1.13. Therefore, in this case, the ellipticity of the radiation emitted by a single
particle is
tan b =
ψ + 12w
2 cot θ
w
K1/3(y)
K2/3(y)
(1.41)
Eq. 1.41 contains both odd and even terms with respect to the angle ψ while Eq. 1.18 had only
odd terms. This fact implies that, for the usual assumption of synchrotron emitting particle
populations having an isotropic distribution velocities with respect to our line of sight (LoS),
the net ellipticity will not cancel out when these particles have mildly relativistic velocities.
16 CHAPTER 1. SYNCHROTRON EMISSION AND RADIATIVE TRANSFER
The even terms of ψ will add up and thus their emission will be circularly polarized to some
extend. This is the major difference compared to the results of highly relativistic particles, the
emission of which is circularly unpolarized due to the even cancellation of the ellipticities from
particles having velocities with positive and negative ψ values (see Eq. 1.18).
Another interesting effect which increases even more the circular polarization of syn-
chrotron emission from a particle population of mildly relativistic velocities becomes important
when we consider non-uniform energy distributions. Assuming that we are observing at the
critical frequency, which is close to the peak frequency of the synchrotron radiation spectrum,
we can correlate the pitch angle, θ, with the velocity or energy of the emitting particles, quan-
tified by the Lorentz factor, γ, using Eq. 1.16
νc ∝ γ3ωH sin θ = γ2ωg sin θ (1.42)
where ωg is the particle gyrofrequency which is constant for a given magnetic field,H . Eq.1.42
shows that particles of small pitch angles need large γ values to contribute to the radiation
at the observing frequency and vice versa. Thus, for non-uniform energy distributions, like
the power law one, the number of particles with velocity vectors on either side of the LoS
which contribute to the observed emission at the critical frequency is unequal, even in the
case of isotropic particle velocity distributions. Therefore, there is an inexact cancellation
even of the odd terms of the ellipticities in Eqs. 1.18 & 1.41 and the net circular polarization
would be further increased. This effect is also applicable to particle populations of highly
relativistic velocities, although less important since the range of pitch angles for the particles
which contribute to the emission at a given LoS is smaller. Detailed calculations can be found in
Legg and Westfold (1968) but an interesting result which worth further investigation is that the
circular polarization expected from this effect is roughly about γ−1 of the linear polarization.
Since the electric field of a mildly relativistic particle is different from a highly relativistic
one, we expect that the emission and absorption coefficients for an ensemble of such particles
will also be different from the expressions we described in the previous subsection. There,
we presented the emission and absorption coefficients along the two directions of the electric
field components, i.e. parallel and perpendicular to the projection of the magnetic field on the
plane of the sky. We can modify this description to express the coefficients in the four Stokes
parameters, I,Q,U and V which provide a complete characterization for the polarization state
of the emission. To do that, we need to form the polarization tensor
Pij =
c
4π
(EiE
∗
j ) (1.43)
where i, j = lˆ, mˆ denote the electric field components along the two orthogonal directions.
According to theory, the polarization tensor is connected with the Stokes parameters through
P
lˆmˆ
=
c
4π
[
E
lˆ
E∗
lˆ
E
lˆ
E∗mˆ
EmˆE
∗
lˆ
EmˆE
∗
mˆ
]
=
1
2
[
I +Q U − iV
U + iV I −Q
]
(1.44)
Using Eq. 1.44, we can estimate the radiated power for all Stokes parameters and sub-
sequently follow the arguments of subsection 1.2.2 to calculate their emission and absorption
coefficients. The general expressions of the coefficients for a given particle energy distribution,
N(E), can be found in Chapter 2 of Pacholczyk (1977). The solutions for the case of power
law energy distributions are:
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Emission coefficients:
εI = C3(s) (H sinϑ)
(s+1)/2 [4π N0 φ(ϑ)]
(
ν
2C1
)
−(s−1)/2
εQ =
s+ 1
s+ 7/3
εI
εU = 0
εV = −C5(s) (H sin ϑ)(s+2)/2 [4π N0 φ(ϑ)] [(s + 2) cot ϑ+ φ
′
φ
]
(
ν
2C1
)
−s/2
(1.45)
Absorption coefficients:
κI = κ = C4(s) (H sinϑ)
(s+2)/2 [4π N0 φ(ϑ)]
(
ν
2C1
)
−(s+4)/2
κQ = q =
s+ 2
s+ 10/3
κ
κU = u = 0
κV = v = −C6(s) (H sin ϑ)(s+3)/2 [4π N0 φ(ϑ)] [(s+ 2) cot ϑ+ φ
′
φ
]
(
ν
2C1
)
−(s+5)/2
(1.46)
where,
N0 the normalization factor of the energy distribution, N(E) = N0E−s
φ(ϑ) the distribution of angles ϑ over which the radiation is propagated
C1, C3(s) and C4(s) are given in Eq. 1.26
and
C5(s) =
√
3e3
12πs
Γ
(
3s + 8
12
)
Γ
(
3s + 4
12
)
C6(s) =
√
3π
54
em6c12
(
s+ 3
s+ 1
)
Γ
(
3s+ 11
12
)
Γ
(
3s+ 7
12
) (1.47)
1.3 POLARIZED RADIATIVE TRANSFER
The next step of our investigation is to understand how the AGN jet emission is affected by the
matter which lies between the the emitting region and the observer, whether this is the jet itself,
intergalactic plasma “screens”, our Galaxy or even Earth’s atmosphere. All these systems can
potentially alter the total intensity or polarization characteristics of the propagated radiation
and these effects can be studied in detail with the invaluable tool of polarized radiative transfer.
In order to study the propagation of electromagnetic radiation through a certain material,
we need to solve Maxwell’s equations for a propagating electromagnetic (plane) wave into the
material in study. The problem usually boils down to the determination of the permittivity
tensor, which connects the electric displacement, D, with the electric field, E, in the material.
The media through which the radiation propagates can be both isotropic and anisotropic in
terms of their permittivity. Isotropic media "react" in the same way for any orientation with
respect to the direction of the propagated electric field, thus their permittivity is simplified to
a scalar relation between the displacement and the electric field magnitudes, D = ǫE. In
this case, the problem takes the form of simple radiative transfer since the incident radiation
intensity can only be decreased due to the medium’s absorption or increased due to radiation
sources present inside the medium.
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In this section, we focus in the general case of anisotropic materials because the radiation of
AGN jets is usually propagated through magnetoactive plasmas, i.e. plasma systems embedded
in large scale magnetic fields, including the the AGN jet itself, our Galaxy and the upper
layer’s of Earth’s atmosphere. Since the magnetic field interacts with the propagated radiation,
its presence sets a preferred direction in space and renders the material anisotropic, i.e. its
permittivity depends on the direction of propagation inside the material. For anisotropic media,
the permittivity is a transformation tensor between the vector forms of the displacement and
the propagated electric field, D = ǫ E.
The permittivity tensor can be derived from the generalized Ohm’s law which connects the
electric currents with the electric and magnetic fields which are present inside the medium.
Once the permittivity tensor of the medium is known, we solve Maxwell’s equations for a
plane electromagnetic wave propagating through the material. In the case of magnetoactive
plasmas, there are two accepted solutions which are called ordinary and extraordinary modes
of propagation. These modes propagate with different speeds through the anisotropic medium
which is also called birefringent.
The polarization properties of the two propagation modes depend on the direction of prop-
agation with respect to the magnetic field of the magnetoactive medium. In the general case,
they are elliptically polarized with opposite handednesses, their major axes are perpendicular to
each other and the major axis of the ordinary mode is parallel to the projection of the magnetic
field on the plane of the sky. A detailed derivation can be found in Chapter 3 of Pacholczyk
(1977). In the context of astrophysical magnetoactive plasmas, two cases are usually consid-
ered for the propagation of electromagnetic radiation. The first is called Quasi-Longitudinal
(QL) propagation approximation for which
u2T
4uL
<< 1 (1.48)
where
uL = u cos
2 θ is proportional to the component of the propagated electromagnetic wave
which is parallel to the magnetic field direction
uT = u sin
2 θ is proportional to the component of the propagated electromagnetic wave
which is perpendicular to the magnetic field direction and
u =
ω2
G
ω2 relates the propagated electromagnetic wave frequency, ω, with the gyrofre-
quency, ωG, in the magnetoactive plasma
In the QL approximation, the modes of propagation are circularly polarized with the extraordi-
nary one rotating in the same sense as the electrons in the magnetoactive plasma. The second
propagation approximation is called Quasi-Transverse (QT) and the following relation holds
u2T
4uL
>> 1 (1.49)
In the QT approximation, the modes are linearly polarized with the ordinary one being parallel
to the projection of the magnetic field. The relations of Eqs. 1.48 and 1.49 are valid for an
almost collisionless magnetoactive plasma and for frequencies of the propagated wave which
are much larger than the plasma frequency.
The incident electromagnetic waves on the magnetoactive medium, independently of their
polarization state, can be described as the sum of an ordinary and an extraordinary wave due to
the fact that the two modes are orthogonally polarized. This is particularly useful for the inves-
tigation of the polarized radiative transfer through the medium because we can construct the
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polarization tensor of the propagated wave using Eq. 1.44 and replacing E
lˆ,mˆ with Eo,e, where
o,e denote the the ordinary and extraordinary modes of the propagated radiation respectively.
Finally, the polarized radiative transfer expression can be derived by the differentiation of
the resulting Stokes parameters with respect to the direction of propagation and has the general
form (
1
c
∂
∂t
+
k
k
)
I
Q
U
V
 =

εI
εQ
εU
εV
−

κ q 0 v
q κ f 0
0 −f κ h
v 0 −h κ


I
Q
U
V
 (1.50)
where,
k the vector along the direction of propagation
εi the emission coefficient of the Stokes parameter, i with i = I,Q,U, V ,
derived from the polarization tensor
κ, q, v the absorption coefficients of the Stokes parameters I,Q and V respectively
f, h the propagation coefficients which alter the polarization state of the propa-
gated radiation
The emission and absorption coefficients have been already discussed in several contexts. The
propagation coefficients affect only the polarization characteristics of the radiation and their
roles can be discerned from Eq. 1.50. Coefficient f is changing Stokes Q to Stokes U and
vice versa, which is observed as a rotation of the electric vector position angle (EVPA) as
the radiation propagates through the medium and thus it is usually called rotation coefficient.
Coefficient h on the other hand transforms Stokes U to Stokes V and vice versa. This is
observed as an interconversion between linear and circular polarization and this coefficient is
usually called conversion coefficient.
The emission, absorption and propagation coefficients depend on the physical characteris-
tics of the magnetoactive medium as well as the direction along which the radiation is propa-
gated with respect to the magnetic field. It is very interesting to study these coefficients in some
characteristic cases because the propagation can leave an imprint on the polarization charac-
teristics of the emerging radiation which can then be used to infer the physical characteristics
of the regions where the emission was produced or propagated through. In the following we
will describe a number of such cases and discuss the information we can extract from them. A
detailed description of these effects can be found in Chapter 3 of Pacholczyk (1977).
1.4 PROPAGATION EFFECTS
In this section we will examine some propagation effects that may take place when polarized
radiation is propagated through magnetoactive plasma systems. These effects become evident
when we solve the polarized radiative transfer equation (Eq. 1.50) using the emission, absorp-
tion and propagation coefficients, the form of which depends on the physical characteristics of
the propagating medium as well as the propagation direction.
In the case of cold (thermal) magnetoactive plasma systems, i.e. systems where the particle
velocities are much smaller than the speed of light, the propagation and absorption coefficients
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are given by
f =
ω20ωG cosϑ
c(ω2 − ω2G)
h =
ω20ω
2
G sin
2 ϑ
2cω(ω2 − ω2G)
κ =
ω20
[
ω2 + ω2G − 32ω2G sin2 ϑ+
(
ω4
G
sin2 ϑ
2ω2
)]
c(ω2 − ω2G)2
νc
q =
ω20ω
2
G sin
2 ϑ(3ω2 − ω2G)
2cω2(ω2 − ω2G)2
νc
v = −2ωω
2
0ωG cos ϑ
c(ω2 − ω2G)2
νc
(1.51)
where,
ω0 the plasma frequency in the magnetoactive medium
ωG the particle gyrofrequency in the magnetoactive medium
ω the frequency of the propagated electromagnetic wave
νc the collision frequency in the magnetoactive medium, which can be calcu-
lated using
νc = 3.6
N
T 3/2
(
17.7 + ln
T 3/2
ν
)
(1.52)
where N is the particle density and T the temperature of the magnetoactive
plasma and ν the frequency of the propagated electromagnetic wave
(Pacholczyk, 1977) Combining Eqs. 1.51, 1.48 and 1.49 we can see that in the QL approxima-
tion coefficients h and q are vanishing while in the QT approximation the ones which vanish
are f and v.
In the case of relativistic magnetoactive plasma systems with power law particle energy
distributions of index s, the emission and absorption coefficients are already given in Eqs. 1.45
and 1.46. The propagation coefficients are given by
h = C7(s)
[(
ν
νL
)(s−2)/2
− 1
]
[4π N0 φ(ϑ)] (H sinϑ)
(s+2)/2
(
ν
2C1
)
−(s+4)/2
f = C8(s)
ln γL
γs+1L
[4π N0 φ(ϑ)]
(
cotϑ+
φ′
φ
)
H sinϑ
(
ν
2C1
)−2 (1.53)
with,
C7(s) = −8.5× 10−3 2
s− 2(mc
2)1−s
(
e
mc
) (s+2)
2
(2C1)
−(s+4)
2
( ν
νL
) (s−2)
2 − 1

C8(s) = 1.7× 10−2 1
s+ 1
(mc2)1−s
e
mc
(2C1)
−2
(1.54)
where,
γL the Lorentz factor of the low energy cut-off for the particles in the magne-
toactive medium
νL the critical frequency of the particles with γL in the medium
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Practically, the propagation coefficients of Eq. 1.53 are much smaller than the ones of Eq. 1.51
and become dominant only in the absence thermal plasma in the propagating medium. Under
these circumstances, the polarization state of the ordinary and extraordinary modes in the mag-
netoactive plasma depend on νL. They are linearly and circularly polarized if the νL is large or
small respectively (Pacholczyk, 1977).
Now that we have seen the form of the emission, absorption and propagation coefficients
with respect to the characteristics of the magnetoactive medium and the direction of propaga-
tion, we focus on some interesting propagation effects.
1.4.1 Synchrotron Self Absorption (SSA) and polarization characteristics
First, we show the effects that occur when synchrotron radiation is propagated through the
emitting medium itself. In this case, the thermal plasma is considered to be absent and for
the sake of simplicity we will disregard any propagation effects due to the relativistic plasma
of the source (Eqs. 1.53). Thus, we will take into account only the emission and absorption
coefficients of Eqs. 1.45 and 1.46 in the polarized radiative transfer problem (Eq. 1.50) which
is now formulated as
dI
dz
= εI − κI − qQ− vV
dQ
dz
= εQ − qI − κQ
dV
dz
= εV − vI − κV
(1.55)
where z is the direction of propagation and the equation for Stokes U is absent because εU = 0.
The solutions of Eqs. 1.55 are given in Pacholczyk (1977):
I = Ip +Ge
−(κ−g)z +He−(κ+g)z
Q = Qp − q
g
Ge−(κ−g)z +
q
g
He−(κ+g)z +De−κz
V = Vp − v
g
Ge−(κ−g)z +
v
g
He−(κ+g)z − q
v
De−κz
(1.56)
with,
g =
√
q2 + v2
G =
1
2g
[g(I0 − Ip)− q(Q0 −Qp)− v(V0 − Vp)]
H =
1
2g
[g(I0 − Ip) + q(Q0 −Qp) + v(V0 − Vp)]
D =
v
g2
[v(Q0 −Qp)− q(V0 − Vp)]
(1.57)
and
Ip =
κεI − qεQ − vεV
κ2 − q2 − v2
Qp =
(κ2 − v2)εQ − κqεI + qvεV
κ(κ2 − q2 − v2)
Vp =
(κ2 − q2)εV − κvεI + qvεQ
κ(κ2 − q2 − v2)
(1.58)
where I0, Q0 and V0 are the Stokes parameters of the incident radiation.
At the two extreme cases of optically thin and thick synchrotron sources, the polarization
characteristics can be described as follows. If we neglect v and εV in comparison with κ, q and
22 CHAPTER 1. SYNCHROTRON EMISSION AND RADIATIVE TRANSFER
εI , εQ respectively, the linear polarization degree of an optically thin source is given by
πL =
qIp + κQp
κIp + qQp
=
εQ
εI
=
s+ 1
s+ 7/3
(1.59)
where s is the index of the power law particle energy distribution. In the case of an optically
thick source (κz >> 1), the linear polarization degree is given by
πL =
Qp
Ip
= − 3
6s+ 13
(1.60)
where the minus sign indicates that the linear polarization angle in the thick case is perpendic-
ular to that of the thin case. Since we know that the major axis of the polarization ellipse for an
optically thin synchrotron source is perpendicular to the projection of the magnetic field on the
plane of the sky, when the same source is optically thick to its own emission, the polarization
angle is parallel to that direction.
A detailed investigation of the linear polarization degree at various optical depths would
show that this transition happens smoothly, which means that at a certain optical depth, τQ,
the linear polarization degree becomes zero. This happens at a frequency, νQ, in the vicinity
of νm, where the source intensity is maximized and the optical depth is τm. The relation that
connects these quantities is
νQ
νm
=
(
τm
τQ
)2/(s+4)
(1.61)
The circular polarization degree for an optically thin synchrotron source can be calculated
with Eqs. 1.45
πC =
εV
εI
= −C5(s)
C3(s)
(H sinϑ)
1/2
[
(s+ 2) cot ϑ+
φ′
φ
](
ν
2C1
)
−1/2
(1.62)
and for an optically thick one it is
πC =
Vp
Ip
=
(κ2 − q2)εV − κvεI + qvεQ
κ(κεI − qεQ − vεV ) (1.63)
Using similar assumptions as the ones to derive Eq. 1.59, we can show that
π
(thick)
C = −C9(s) · π(thin)C (1.64)
where,
C9(s) =
C6(s)C3(s)
C4(s)C5(s)
−
(
s+ 73
) [
(s+ 22 −
(
s+ 103
)2
)
]
(
s+ 103
) [
(s + 1)(s + 2)−
(
s+ 73
) (
s+ 103
)] (1.65)
As we can see from Eqs. 1.62 - 1.65, there is a frequency dependence of the circular polar-
ization degree of ν−1/2 in both optically thin and thick regimes. The only difference between
them is the sign, i.e. the sense of rotation of the circular polarization. This change happens
also gradually and at a certain frequency, νV , at which the optical depth is τV , the circular
polarization degree becomes zero. At that point the following relation holds
νV
νm
=
(
τm
τV
)2/(s+4)
(1.66)
Numerical results of πL, τQ, τm, νQ/νm and νV/νm for various values of the index s can be found
in Table 3.1 of Pacholczyk (1977).
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1.4.2 Faraday rotation
For the next case we will consider the propagation of an electromagnetic wave in a cold magne-
toactive plasma medium under the QL propagation approximation. As we show above, under
this approximation the coefficients h and q are vanishing. If we focus only on linear polariza-
tion, the polarized radiative transfer problem 1.50 takes the form
dI
dz
= εI − κI
dQ
dz
= εQ − κQ− fU
dU
dz
= −κU + fQ
(1.67)
the solution of which is
I = εIz + I0
Q =
(
U0 +
εQ
f
)
sin 2η +Q0 cos 2η
U =
(
U0 +
εQ
f
)
cos 2η −Q0 sin 2η − εQ
f
(1.68)
where η = 12fz. When we neglect the emission within the medium and consider only the
absorption and propagation coefficients the linear polarization degree remains unchanged while
the polarization angle rotates during the propagation. The amount of rotation is χ = 2η = fz
and this quantity is proportional to
χ = fz ∝ Nc H‖ z ν−2 (1.69)
where,
Nc the particle number density in the propagating medium
H‖ the magnetic field component of the magnetoactive medium parallel to the
line of sight
ν the observed frequency
This effect is known as Faraday rotation.
Assuming that the radiation is emitted at various depths, z, of the propagating medium, the
different amounts of rotation for various depths can decrease the net linear polarization degree
of the emerging radiation. We can evaluate this depolarization effect if we assume no incident
radiation to the medium, i.e. I0 = Q0 = U0 = 0. Under this assumption and using Eqs. 1.68
we get:
πL =
εQ
εI
∣∣∣∣sin ηη
∣∣∣∣ (1.70)
which gives the net linear polarization degree as a function of the quantity η, also known as
Faraday rotation depth.
1.4.3 Faraday pulsation
We now consider the propagation of an electromagnetic wave through a cold plasma region
under the QT propagation approximation. Under this approximation, the coefficients f and
v vanish and assuming that the emission coefficients for Stokes V and U are consistent with
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zero, the polarized radiative transfer problem (Eq. 1.50) is formulated as
dI
dz
= εI − κI − qQ
dQ
dz
= εQ − qI − κQ
dU
dz
= −κU − hV
dV
dz
= hU − κV
(1.71)
The last two expressions in Eq. 1.71 are coupled and the solution for Stokes U and V yields
U = [U0 cos(hz) − V0 sin(hz)]e−κz
V = [U0 sin(hz) + V0 cos(hz)]e
−κz (1.72)
If we assume also no absorption in the propagating medium (κ = q = 0), the first two expres-
sions of Eq. 1.71 acquire the simple solutions
I = I0 + εIz
Q = Q0 + εQz
(1.73)
The previous set of equations reveal a very interesting phenomenon. As it is shown in the
expressions below, the position angle, χ, and the ellipticity, δ, of the polarization ellipse “os-
cillate” with respect to the propagated depth, z, in a coupled manner:
tan 2χ =
U
Q
=
U0 cos(hz) − V0 sin(hz)
Q0 + εQz
sin 2δ =
V
I
=
U0 sin(hz) + V0 cos(hz)
I0 + εIz
(1.74)
If the propagated emission is initially linearly polarized and there is no emission within the
propagating medium, we need to set V0, εQ and εI to zero in the above expressions. In this
case, the position angle, χ, and the ellipticity, δ, oscillate interchangeably between two extreme
values of χ0 and −χ0. If the emission coefficients of the medium are not equal to zero, these
oscillations gradually fade out as the radiation is propagated through it.
If the propagated emission is initially circularly polarized, we can set Q0, U0 to zero and
V0 = I0 in Eqs. 1.74 which now take the form
tan 2χ = − I0
εQz
sin(hz)
sin 2δ =
I0
I0 + εIz
cos(hz)
(1.75)
In this case the emission changes from circular to linear with position angle χ = 45◦ and back
to circular as it propagates. If the emission coefficients are non-zero, these transformations
gradually fade out. The effect we describe can generate circular from linear polarization and
vice versa, keeping the total polarization degree (linear and circular) constant. This effect
is called Faraday pulsation. As we saw from Eqs. 1.74, the effect needs a non-zero U0 to
occur. This happens when the linear polarization angle of the incident radiation is neither
parallel nor perpendicular to the magnetic field of the medium but at an intermediate value.
The effects maximize when this angle is 45◦ with respect to the magnetic field direction. Thus,
a synchrotron source cannot cause Faraday pulsation on its own emission since it is linearly
polarized either perpendicular or parallel to the magnetic field in the optically thin and thick
cases respectively.
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1.4.4 Circular repolarization
This effect produces circular polarization during the propagation when the propagating medium
contains both thermal and low-energy relativistic particles. The latter should be at an ade-
quately low energy level, γL, that makes the coefficient f of Eq. 1.53 significant. If we neglect
the propagation coefficients of the relativistic particles in the polarized radiative transfer prob-
lem and consider the QL approximation, the circular polarization degree in the optically thin
case of strong Faraday rotation (f >> κ) is given by Pacholczyk (1977):
πC =
εV
εI
− εQ
εI
h
f
[
1− sin(fz)
fz
]
(1.76)
where,
h = C(s, γL)Nr(H sinϑ)
−1
f = fc + fr = −5× 104 (Nc +Nr s− 1
s+ 1
ln γL
γ2L
cotϑ)
H sin ϑ
ν2
(1.77)
the subscripts c and r denote the cold and relativistic components of the magnetoactive medium
respectively and Nc,r are their particle densities.
In the described setup, the circular polarization of Eq. 1.76 has three components. The
first one is the result of the circularly polarized emission coefficient, εV , which may be present
from the synchrotron emitting particles in the medium. The second and third terms of Eq. 1.76
describe the circular repolarization effect. For fz ≥ 3, the third term can be neglected and the
circular polarization, assuming εV = 0 and s = 2 is calculated as
πC = 2.6 × 107 ln
(
ν
νL
)
NrH
3/2
⊥ f
−1
(
ν
νL
)
−1/2
ν
−5/2 (1.78)
where,
f = 5× 104
[
Nc + 7× 105Nr
(
ln
νL
H⊥
− 15
)
H‖
νL
]
H⊥
ν2
(1.79)
In general the frequency dependence of the circular polarization degree produced with this
effect is steeper than ν−1/2 and for s ≥ 1, it is ν−1. Additionally, the circular polarization
degree produced in this way should not be correlated with the linear polarization degree. In
comparison, we described above that in the case of a synchrotron source of mildly relativistic
emitting particles without the presence of thermal plasma, the observed circular polarization
degree should be correlated with the linear polarization degree according to πC = γ−1πL
(subsection 1.2.5). These theoretical prediction can be compared against observational data to
examine the physical characteristics of the emitting and/or propagating media.
1.5 FROM THE SOURCE TO THE OBSERVER’S REST FRAME
The results discussed above are expected to be observed at the rest frame of the emitting region.
There are two major parameters though that affect the observed characteristics. The first is
the relativistic motion of the emitting region in the AGN jet itself and the second is the vast
distance that the radiation has to travel before it reaches the observer. Both of them introduce
a number of effects that need to be taken into account for the interpretation of the measured
quantities. These effects are caused by the relativistic light aberration, time dilation as well as
the relativistic and classical Doppler effects. In the following we describe how the measured
physical parameters are affected by these effects.
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Frequency
The observed frequency is different from the emitted one due to two main reasons. The first
one is the relativistic Doppler effect in the case that the emitting region is moving at high
velocities. This acts like
fo =
fe
γ(1− β cosφ)fe = Dfe (1.80)
where,
fo,e the obseved and the emitted frequency of the radiation
φ the angle between the velocity vector of the emitting region and the line of
sight
D the Doppler factor of the emitting region
The second one is the classical Doppler effect due to the source’s redshift which acts like
fo = (z + 1)fe (1.81)
where,
z the redshift of the source
Total and polarized intensities
The intensity is expected to be boosted by the relativistic beaming effect which acts as
So = SoD
3−α (1.82)
where,
So,e the obseved and the emitted (polarized) intensity of the source
α the spectral index of the source’s SED
Electric vector position angle (EVPA)
The effect expected to modify the observed EVPA is the relativistic aberration. The light rays
bend towards the direction of the (relativistic) motion and the emitted EVPA may be dragged
by them from its original position. Ignoring this effect may lead to misunderstandings. For
example we discussed earlier that in the synchrotron self-absorbed (SSA) case, the EVPA
is parallel or perpendicular to the projection of the magnetic field on the plane of the sky.
However, this holds true only at the source rest frame. In the observer’s frame the EVPA is
shifted preventing us to draw the magnetic field orientation without additional knowledge.
The effect of relativistic aberration on EVPA has been studied for a variety of emitting
region setups, including various for relativistic AGN jets (Blandford, R. D.; Königl, 1979;
Lyutikov et al., 2003, 2005). According to these studies, the prediction for the EVPA shift
from its initial position at the rest frame requires in general knowledge of the velocity vector of
the emitting region as well as its magnetic field vector. For example Blandford, R. D.; Königl
(1979) calculate that
tan ξ =
cosψ[β − cos θ(1− tanψ tan θ)]
tan η(β − cos θ − 1) (1.83)
with the related angles shown in Fig. 1.7
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Figure 1.7: The relativistic aberration effect and the modification of the EVPA. Figure taken
from Blandford, R. D.; Königl (1979).
Another relation is given in Appendix C of Lyutikov et al. (2003), where they calculate the
Lorentz transformation of EVPA. According to their calculations
eˆ =
n× q√
q2 − (n · q)2
q = Bˆ + n× (v× Bˆ)
(1.84)
where,
eˆ the unit vector along the EVPA direction
n the vector along the line of sight
Bˆ the unit vector along the magnetic field direction
v the velocity vector of the emitting region
and all quantities are referring to the observer frame. The above relations show that the velocity
vector of the emitting region (or flow) is needed in order to correctly interpret the data and infer
the magnetic field direction from the measured EVPA.
Linear and circular polarization degree
Both the total and the polarized flux density are subject to the same effects. Furthermore, these
effects are usually multiplicative and hence we expect that for the polarization degree, which
is calculated as their ratio, they would cancel out. Thus, the polarization degree we observe
is most likely the same as the rest frame. There may however be cases that this simplistic
interpretation does not hold. One such case could be the relativistic light aberration which
would rotate different parts of the jet we observe (different n’s according to Eq. 1.84) for
different angles. This may cause a depolarization to the observed degree as compared to the
emitted one.
Another effect may be that the nominator and the denominator in the degree calculation
have come from regions with different intrinsic speeds and thus different Doppler factors. This
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would cause also a difference between the observed and emitted degrees. In any case all these
effects are worth a more detailed investigation.
Time
Assuming that the emitting region is moving relativistically towards the observer, the time
scales are compressed for the latter. This change though is not expected to cause a misinterpre-
tation since all lightcurves (total flux, polarization degree, EVPA, etc.) are squeezed the same
way. So the events are much shorter in the observer’s frame but no time shift between e.g. total
flux and polarization is expected to be introduced.
Chapter 2
High precision, full-Stokes radio
polarimetry
Abstract
In this chapter we describe the methodology we have developed for high-cadence,
high-precision linear and circular radio polarimetry, using the data obtained with the
4.85-GHz secondary focus receiver of the 100-m Effelsberg telescope. Furthermore, the
methodology was successfully applied to the 8.35-GHz receiver data. These systems are
equipped with circularly polarized feeds and hence the details of our methodology are
immediately applicable to this type of receivers. The general conclusions can be easily
generalized to telescopes with linearly polarized feeds.
2.1 THE METHOD
The polarization characteristics of an electromagnetic wave are fully described by its Stokes
4-vector,
S =

I
Q
U
V
 (2.1)
where,
I the total intensity of the radiation
Q and U describe the linear polarization characteristics. The linearly polarized inten-
sity ΠL and the electric vector position angle (hereon EVPA or χ):
ΠL =
√
Q2 + U2, χ =
1
2
arctan
(
U
Q
)
(2.2)
The reference frame we adopt for measuring EVPA angles is the one
defined by the North and East (N–E) directions. Positive angles are
measured counter clock-wise (CCW) and negative clock-wise (CW)
(Saikia and Salter, 1988)
V describes the circular polarization characteristics. Its modulus is the circu-
larly polarized intensity, ΠC, and its sign defines the sense of rotation or
handedness. For this work, we adopt the positive V sign for the left-handed
circularly polarized radiation.
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A polarimetric device provides a set of Stokes parameters which, unless corrected auto-
matically, are different from the incident ones due to two main reasons:
1. The misalignment of the device reference frame with respect to the absolute one (N–E
direction). For example, in the case of a telescope oriented at a certain celestial posi-
tion, the measured EVPA would be rotated by the angle between the telescope’s Stokes
Q–U reference frame and the default N–E reference frame. This angle depends on the
telescope’s mounting design. For alt-azimuthally mounted telescopes, it is equal to 2q,
where q is the parallactic angle of the source at the time of the observation. For equatori-
ally mounted telescopes, on the other hand, the EVPA reference frame is always aligned
with the N–E one and no correction is needed. Conventionally, this rotation is formulated
in terms of a matrix R (see Eq. 2.3).
2. The device’s response to the incident Stokes parameters. Any device used for the de-
tection of electromagnetic waves introduces some instrumental polarization. The in-
strumental polarization depends on a number of parameters like the mechanical and/or
electrical design of the device or the level of symmetry in the signal path. It can be fully
described with a 4x4 matrix, which acts as a transfer function between the incident and
the measured Stokes 4-vector and is called Müller matrix.
The expression that describes both effects can be written as:
Sobs = M ·R · Sreal (2.3)
where,
Sobs are the measured Stokes parameters
M is the device’s Müller matrix
R is a rotation matrix for the angle between the telescope’s Q-U reference
frame and the N-E one and
Sreal are the incident Stokes parameters
In the following sections, we will examine the different parts of Eq. 2.3 for telescopes with
circularly polarized feeds and describe a data reduction pipeline that minimizes the effect of
systematic errors, resulting in high-precision linear and circular polarization measurements.
2.2 THE R MATRIX
The R matrix is necessary to express all the observed StokesQ and U parameters to a common
reference frame in order to compare them. For alt-azimuthally mounted telescopes the rotation
matrix is given by:
R =

1 0 0 0
0 cos 2q sin 2q 0
0 − sin 2q cos 2q 0
0 0 0 1
 (2.4)
where q is the parallactic angle of the source at the time of the observation.
Parallactic rotation of the measured Stokes Q and U
In order to study the behavior of the R matrix independently, we will consider the ideal case
of an alt-azimuthally mounted telescope which does not alter the polarization characteristics
of the incident radiation otherwise, i.e. its Müller matrix is reduced to the unity matrix and
Eq. 2.3 is reduced to
Sobs = R · Sreal (2.5)
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or 
Iobs
Qobs
Uobs
Vobs
 =

1 0 0 0
0 cos 2q sin 2q 0
0 − sin 2q cos 2q 0
0 0 0 1
 ·

Ireal
Qreal
Ureal
Vreal
 (2.6)
Equation 2.6 shows that the measured Stokes I and V are not affected by the R matrix. Stokes
Q and U on the other hand change according to:
Qobs = cos 2q ·Qreal + sin 2q · Ureal
Uobs = − sin 2q ·Qreal + cos 2q · Ureal (2.7)
The parallactic angle of a source changes continuously while it is being tracked on the sky
(Fig. 2.1) and its value depends on the telescope’s latitude φ, the source’s declination, δ and
the source’s hour angle H at the time of the observation as:
q = arctan
(
sinH cosφ
sinφ cos δ − cosφ sin δ cosH
)
(2.8)
This change affects the measured Stokes Q and U in accordance with Eq. 2.7. Since every
measurement has a finite duration, the Stokes Q and U change during the integration. This
effect will be transferred to the final uncertainty of the measurement. Thus, it is important
to account for this factor in order to fine-tune the observing strategy and estimate the final
uncertainty of the measured Stokes parameters Q and U . One way for example is to minimize
the measurement integration. It is clear that shorter measurement durations result to better
accuracy of the measured Stokes parameters Q and U . In Fig. 2.2 for example, we show
simulated absolute differences in the measured Stokes Q (circles) and U (triangles) between
the beginning and the end of a measurement for two different measurement durations and a
source with declination δ = 40◦ observed from the Effelsberg 100-m Radio Telescope (latitude,
φ = 50◦31′29′′). In this example, the simulated data were generated for a source with Qreal =
Ureal = 1, so the plotted values in Fig. 2.2 represent also the fractional absolute differences
in the Stokes Q and U measurements which have a maximum of 7.6% for a measurement
duration of ∆t = 120 s and 1.9% for a shorter integration of ∆t = 30 s.
Correcting Stokes Q and U measurements obtained with the cross-scan observing mode
All the observations shown here were conducted with the Effelsberg 100-m Radio Telescope
employing the “cross-scan” observing mode. The telescope scans over the targeted source
for a number of cycles (sub-scans) in the azimuth and elevation directions. The duration of
each sub-scan was tuned to 30 s, which means that the total measurement (scan) duration was
N · 30 s with N the number of sub-scans.
Traditionally, it is the mean parallactic angle over the scan that has been used as input for
the R matrix. According to the above analysis, this approach ignores the change of Stokes
Q and U throughout the scan, resulting in an increase of the final uncertainties. This effect
becomes more significant as the number of the subscans increases. The approach we follow in
the current work is
1. rotate the measured Stokes Q and U of each subscan using its own “instantaneous”
parallactic angle and
2. calculate the final Stokes Q and U by averaging the rotated parameters of all subscans
This way we eliminate the contribution of the parallactic angle to the parameter uncertainty
achieving a better accuracy of our measurements.
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Figure 2.1: The parallactic angle, q, as a function of azimuth for the Effelsberg 100-m Radio
Telescope for sources with different declinations, δ.
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Figure 2.2: Simulated absolute differences in the measured StokesQ (circles) and U (triangles)
between the beginning and the end of a measurement for two different measurement durations,
∆t. The simulations were generated with δ = 40◦ and φ = 50◦31′29′′.
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An example. For 20 consecutive 30-second sub-scans of the polarized source 3C 286 using
the Effelsberg 100-m telescope at q ≃ 16◦.5, the fractional absolute difference was measured to
be 10.6% for Stokes Q and 13.7% for Stokes U . Simulations under the same conditions yield
a fractional absolute difference of 13.1% for Stokes Q and 13.6% for Stokes U . Considering
the total length of the 20 subscans as a single measurement, the major contribution to the
Stokes Q and U uncertainties would come from the Q and U variations as the parallactic angle
of the source changes during the scan, a factor which can be corrected for using the above
methodology. After this correction, the scatter of the Stokes Q and U measurements reduced
to 9.7% peak-to-peak for Stokes Q and 6.1% peak-to-peak for Stokes U .
2.3 THE M MATRIX
The path of the incident radiation is interrupted by the telescope’s optical elements which
change the wavefront of the incident radiation redirecting it to the polarimetric detector. Each
redirection modifies the polarization characteristics of the radiation and the change can be
described by a 4x4 transformation matrix between the Stokes 4-vectors, before and after the
interruption, as it was discussed in Eq. 2.3. The matrices of ideal optical elements can be
estimated theoretically by the methods of Müller calculus. Finally, the net effect of all matrices
on the incident radiation is calculated as their product, a 4x4 matrix enclosing all instrumental
effects within its elements, the Müller (or M) matrix.
M matrix element description
Once the incident and the measured Stokes parameters have been rotated to a common refer-
ence frame, using the R matrix (section 2.2), Eq. 2.3 can be reduced to
Sobs = M · Srot (2.9)
where Srot, in this example, are the rotated incident Stokes parameters. Equation 2.9 can be
rewritten as 
Iobs
Qobs
Uobs
Vobs
 =

mII mIQ mIU mIV
mQI mQQ mQU mQV
mUI mUQ mUU mUV
mV I mV Q mV U mV V
 ·

Irot
Qrot
Urot
Vrot
 (2.10)
wheremij (i, j = I,Q,U, V ) are the elements of the Müller matrix.
The representation of Eq. 2.10 shows how the different Müller matrix elements connect the
incident and the measured Stokes parameters. In this notation, part of the radiation intensity
which reaches the telescope as Stokes parameter j is measured as Stokes i intensity and the
Müller matrix element mij provides a quantitative description of this cross-talk. The elements
can be described qualitatively as follows:
mII Stokes I efficiency
mV V Stokes V efficiency
mQQ, mQU , mUQ, mUU Instrumental rotation matrix
mIQ, mIU Linear depolarization
mIV Circular depolarization
mV Q, mV U Linear to circular polarization conversion
mQV , mUV Circular to linear polarization conversion
mQI , mUI Spurious linear polarization
mV I Spurious circular polarization
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M matrix correction
In order to correct the measured Stokes parameters for instrumental effects, it is crucial to
determine the complete set of parameters mij. There are two major schools of thought for
the solution of this problem. The first treats the problem step by step. One should study
the radiation path in the instrument in detail, find all the interruptions from the moment the
radiation reaches the telescope until it is recorded, study their transformation matrices and
calculate their product, i.e. the Müller matrix.
The second approach utilizes sources of radiation of which the incident polarization char-
acteristics Sreal are known independently, i.e. polarization calibrators. First the calibrators are
observed as if they were targets. After performing at least four such measurements the system
of equations 2.10 can be determined and one can estimate the elements of the Müller matrix.
In case more measurements are available a fit can determine even better the elements of the
matrix. That is the approach we follow in this work.
The set of main polarization calibrators we have used are given in Table 3.2 along with their
reference polarization characteristics at 4.85 and 8.35 GHz. The circular polarization degrees,
mc, reported in Table 3.2 have been extracted from a large part of our dataset of monthly
measurements over the last 4.5 years (see also Sect. 3.3).
Müller matrix of the 4.85-GHz secondary focus Effelsberg receiver
We performed the fitting approach described above to estimate the Müller matrix of this system
for each of the 59 consecutive monthly observing sessions we analyzed. This was done to
eliminate possible fluctuations of the Müller matrix elements as a source of uncertainty in our
Stokes parameter measurements. Most of the Müller matrix elements remained stable over this
period as shown in Fig. 2.3.
Using the most significant (≥ 3σ) results of the fitted Müller matrix elements, we can write
down a representative matrix which describes the average behavior of the 4.85 GHz receiver
of the Effelsberg telescope over this period. This representative Müller matrix is
0.846 ± 0.019 −0.064 ± 0.214 0.056 ± 0.385 2.607 ± 2.428
−0.002 ± 0.003 0.853 ± 0.018 −0.085 ± 0.036 −0.170 ± 0.552
0.000 ± 0.002 0.058 ± 0.010 0.841 ± 0.044 0.235 ± 0.295
−0.008 ± 0.003 −0.015 ± 0.020 −0.021 ± 0.008 0.876 ± 0.251
 (2.11)
This M matrix is a very useful result of our analysis because it can be used directly to correct
Stokes parameter measurements, performed with this system, for instrumental polarization as
well as express them in physical units (see also Sect. 3.2.1).
2.4 THE MEASURED STOKES VECTOR
The last step needed to calculate in detail the incident Stokes parameters, Sreal, using Eq. 2.3,
is the extraction of the measured Stokes parameters, Sobs, from the available datasets. The
methodology described below was developed using datasets obtained with the 4.85 GHz re-
ceiver, located at the secondary focus of the 100-m Effelsberg telescope, but it can easily be
generalized for any receiver equipped with circularly polarized feeds. For the sake of fluency,
the section has been split into the following subsections:
1. Stokes parametrization for circularly polarized feeds
2. Extracting the observables
3. Cross-channel calibration
4. Corrections
5. Stokes Q and U instrumental artifacts
2.4.
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Figure 2.3: The Müller matrix element histograms. The data acquisition and reduction is described in the text. The median and average values are indicated
by the dashed and dotted vertical lines respectively.
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2.4.1 Stokes parametrization for circularly polarized feeds
Telescopes with circularly polarized feeds record the left and right-handed circularly polar-
ized electric field components of the incident radiation, El and Er, respectively. The Stokes
parametrization with a circularly polarized orthogonal base is given by:
I =
〈
E2l
〉
+
〈
E2r
〉
Q = 2 〈El〉 〈Er〉 cos θ
U = 2 〈El〉 〈Er〉 sin θ
V =
〈
E2l
〉− 〈E2r 〉
(2.12)
where θ is the phase difference between El and Er and 〈〉 denotes the averages of the enclosed
quantities in time.
Eq. 2.12 shows that Stokes I and V can be calculated as the sum and difference of the
radiation intensities, recorded by the Left and Right (LCP and RCP) Circular Polarization
channels of the receiver,
〈
E2l
〉
and
〈
E2r
〉
, respectively. Stokes Q and U , on the other hand, are
measured directly by correlating the LCP and RCP electric field components of the incident
radiation in the receiver’s (correlation) polarimeter. The only difference between the latter two
is the introduction of a 90◦ phase delay between El and Er to measure Stokes U (Turlo et al.,
1985).
This parametrization favors linear polarization measurements. Stokes Q and U are mea-
sured through a correlation process, and thus they are less affected by noise-like, uncorrelated
components which may be present in the LCP and RCP signals. Stokes V , on the other hand, is
usually the difference of two very little – if at all – different numbers because celestial sources
are generally weakly circularly polarized. This makes the measurement of circular polarization
with circularly polarized feeds extremely challenging. The Stokes parametrization which fa-
vors circular polarization measurements is the one having a linearly polarized orthogonal base,
for which the Stokes V is measured by a correlation operation. Thus, telescopes equipped with
linearly polarized feeds are optimized for circular polarization measurements.
Channel nomenclature
The Effelsberg telescope records the polarization characteristics in four channels following the
formalism of Eq. 2.12. The left and right-handed circularly polarized components are recorded
by the LCP and RCP channels of the receiver and the linearly polarized part of the radiation is
recorded by channels labeled as COS and SIN. The COS and SIN channels form an orthogonal
base which is rotated by φ degrees with respect to the Q–U reference frame. The COS and
SIN data can be transferred to the Q and U domain using(
Q
U
)
=
(
cosφ − sinφ
sinφ cosφ
)
·
(
COS
SIN
)
(2.13)
This channel nomenclature will be adopted from here on.
2.4.2 Extracting the observables
The cross-scan observing method
The data of this work have been obtained using the cross-scan technique which can be de-
scribed as follows: After moving to the commanded celestial coordinates, the telescope scans
over the source in two perpendicular directions, e.g. over azimuth and elevation, for a number
of cycles (sub-scans). During each sub-scan, the system is recording the incident power in all
polarization channels (LCP, RCP, COS and SIN) at a cadence of 64 ms. Thus, the recorded
datasets consist of pairs of counts and positional coordinate (offset) from the center of the
cross-scan, i.e. the assumed position of the source.
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Figure 2.4: Example of the same sub-scan in all channels obtained with the 4.85 GHz receiver
of the 100-m Effelsberg telescope. The LCP and RCP channel datasets are shown in the upper
row while the COS and SIN datasets in the lower row.
According to antenna theory, the series of data points of each sub-scan comprise the con-
volution of the antenna pattern and the source brightness distribution over the subscan path. In
the case of point sources the latter is a δ function with an amplitude equal to the source power
in a certain polarization mode, on top of an (ideally constant) background emission level. That
background emission has several constituents like the atmospheric emission, the receiver noise
level, CMB, etc. The recorded power then have the form of the antenna pattern, normalized to
the source power, on top of a background emission.
Datasets recorded with the LCP, RCP, COS and SIN channels of the 4.85 GHz receiver of
the Effelsberg telescope for a polarized source are shown in Fig. 2.4. Since Stokes Q and U
can have both positive and negative signs, the COS and SIN datasets can have both positive
and negative amplitudes, like the example of this figure.
Extracting the Stokes parameters of a subscan
StokesQ and U are measured by fitting a proper function to the COS and SIN channel datasets.
The COS and SIN amplitudes are then rotated to the Q–U plane using Eq. 2.13. Following the
same procedure, we can measure the LCP and RCP amplitudes which are then used to calculate
Stokes I and V according to the Stokes parametrization described in subsection 2.4.1.
The sources of our sample are expected to have low circular polarization degrees, which
makes Stokes V measurements extremely difficult. For example, assuming a typical value for
the degree of circular polarization of mc ≈ 0.5%, a source with a typical amplitude of the
order of 2500 counts in the LCP and RCP channels would have a Stokes V amplitude of 25
counts. For a 5-σ detection limit level, one needs a Stokes V uncertainty level of only 5 counts
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which means that the uncertainty of the measured LCP and RCP amplitudes should be of the
level of 3.5 counts! It is clear that the method that is used for fitting the recorded datasets,
especially those of the LCP and RCP channels, is crucial for reaching the desired reliability in
the polarization measurements.
Fitting functions and their errors
The common practice for cross-scan datasets is fitting a Gaussian function to the data with the
addition of a linear function for the removal of the baseline. This method is suitable for esti-
mating the source amplitude but it becomes very imprecise outside the receiver’s Full Width
at Half Maximum (FWHM). Because the telescope response is not described by a Gaussian
profile, fitting such a function to the entire dataset clearly results to uncertainties in the am-
plitudes much higher that the desired ones. Thus, we sought alternative functional forms that
could provide a better description of the telescope response and allow us to more accurately
estimate the response amplitudes.
Basic antenna theory predicts that the zeroth order approximation of an antenna pattern is
a sinc2(x) function. We soon realized that the fit indeed describes well the main lobe area but
fails to do so for the side lobes. Furthermore, the amplitude uncertainty level was turning out
again much higher than our goal.
A better approximation of the antenna pattern of a circular parabolic antenna – like the one
at Effelsberg – is the diffraction pattern of a circular aperture, i.e. the Airy disk pattern:
I = I0
(
2J1(x)
x
)2
(2.14)
where I0 is the maximum response level of the pattern at the center of the main lobe and J1 is
the Bessel function of the first kind. We found out that the Airy disk pattern fits describe the
whole area of the dataset with high accuracy and the fitted amplitude errors are small enough
to accommodate reliable low circular polarization degree measurements. An example of the
different fitting methods along with their residuals from the data is shown in Fig. 2.5. The
amplitudes of the respective Stokes I and V and their signal to noise ratios (SNRs) predicted
formc ≈ 0.5% are given in Table 2.1.
Table 2.1: The measured Stokes I and the predicted Stokes V along with its signal-to-noise
ratio (SNR) assuming mc ≈ 0.5% using the different fitting methods shown in Fig. 2.5.
Fitting method Stokes I Stokes V Stokes V SNR
(counts) (counts)
Gaussian 6391.55 ± 20.42 31.96 ± 20.42 1.6
sinc2(x) 6315.22 ± 17.69 31.58 ± 17.69 1.8
Airy disk pattern 6277.46 ± 7.69 31.39 ± 7.69 4.1
2.4.3 Cross-channel calibration
The receiver channels that record the polarization characteristics of the incident radiation have
different gains, i.e. they convert the same number of incident photons to different number of
counts. Thus, we need to cross-calibrate them before we could compare the recorded power.
This is done with a known calibration signal, generated by a noise diode. The reference signal
is injected at the receiver feed and hence it is following the same path that the incoming celestial
signal follows as it travels along the receiver signal path. The noise diode is designed to imitate
a signal which
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Figure 2.5: The different methods used to fit the recorded datasets (grey lines) are shown in the
top row. Their residuals, i.e. the differences between the data and their fitted values, are given
in the bottom row for a direct comparison between the fitting methods.
• is circularly unpolarized, i.e. the noise diode transmits the same signal to both LCP and
RCP channels
Edl = E
d
r
• is 100% linearly polarized. Assuming that it has only Stokes Q, the phase difference, θ,
between its El and Er is 0◦, or
Qd = 2
〈
Edl
〉 〈
Edr
〉
cos θ = 2
〈
Edl
〉 〈
Edr
〉
Ud = 2
〈
Edl
〉 〈
Edr
〉
sin θ = 0
where the letter d denotes the noise diode values.
Data point phase packet
Each data point of the recorded datasets is obtained in a 4-phase sequence. Each phase lasts for
16 ms and the noise diode is turned on for the last two phases of this sequence. Furthermore,
a phase difference of 180◦ between El and Er is introduced during the A and C phases. This
rotates the incoming EVPA by 180◦ and it is used to remove instrumental systematic errors
that may affect the linear polarization characteristics of the recorded signal. The different
characteristics of the four phases (A-D) are given in Table 2.2.
The fact that the measured counts of each phase and for each channel are recorded in
the raw data files provides a powerful handle to cross-calibrate the recorded datasets. The
manipulation of the different phases can be fine-tuned to accommodate the requirements of
each project. The fact that our sample consists of weakly polarized radio sources led us to take
advantage of this information redundancy to calibrate our data acquisition method with high
accuracy. In the following we describe the specifics of our strategy.
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Table 2.2: The setup of the different phases in the measurement cycle
Phase: A B C D
Noise diode off off on on
Phase difference between
θ + 180◦ θ θ + 180◦ θ
El and Er
LCP and RCP channel measurement
The LCP and RCP datasets are not affected by the phase difference between El and Er, thus
there is no difference between the datasets obtained during phases A and B or C and D. Fur-
thermore, the datasets obtained in phases C and D are just a parallel displacement of the ones
obtained in phases A and B respectively with the injection of the noise diode signal atop the
celestial signal as shown in Fig. 2.6. Thus, in order to extract the noise diode signal as that is
recorded by the LCP and RCP channels, one needs to subtract any of the phase A or B datasets
from any of the phase C or D datasets. All the possible combinations are plotted in Fig. 2.7 for
datasets obtained by the LCP channel of the 4.85 GHz receiver.
The sinusoidal pattern around the middle of the dataset differences in Fig. 2.7 is caused
by the fact that the receiver is recording the counts of phases A to D continuously while the
telescope moves over the source position. This means that the celestial signal recorded at each
phase has a slightly larger or smaller value than the previous phase, depending on whether the
telescope is moving towards or away from the source, respectively. These small differences
in the recorded amplitudes become evident as the derivative of a Gaussian (sinusoidal) pattern
when we subtract the data points recorded between phases. In the example of Fig. 2.7, the
telescope was moving from the negative towards the positive offset positions. This is why
when we subtract the counts recorded during any earlier from any later phase, we see an excess
of counts before the telescope reaches the source position (at an offset ∼ 0′′) and a lack after it
has passed that point. Also, this is the reason for the larger amplitude of the sinusoidal pattern
when we subtract phases which are more distant in time, like phase A from phase D. The
symmetry of the effect (for the case of point sources) allows us to use the average value of any
difference combination along a subscan as a good estimate of the noise diode’s amplitude as
recorded by the LCP and RCP channels. In order to (1) smear out possible random errors that
may be present in the datasets of certain phases, (2) utilize all the available information that
the telescope provides us with and (3) improve the detection rate of faint sources, we use all
the datasets obtained during the phase cycle from A to D.
In the following, we term the incident signal without the noise diode’s power as “sky” and
the diode’s signal as “diode”. Assuming that the phase switch that introduces the 180◦ phase
difference between El and Er during phases A and C affects the gain of the respective channel
as an additional element in the signal path, we can write the four phases in the LCP and RCP
channels as
phase A = g · sky
phase B = ga · sky
phase C = g · (sky + diode)
phase D = ga · (sky + diode)
(2.15)
where g is the receiver’s gain with the 180◦ phase switch “on”, ga is the gain with the switch
“off”. We now define the calibration signal in the LCP and RCP channels using the phase
combination
Cal = (D + C −A−B) = (g + ga) · diode (2.16)
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Figure 2.6: Datasets obtained through phases A to D for the LCP channel of the 4.85 GHz
Effelsberg receiver.
and the signal used to measure the celestial source’s LCP and RCP amplitudes, as
Sky = A+B + C +D = (g + ga) · (2sky + diode) (2.17)
Then we use an Airy disk profile fit (subsection 2.4.2) to measure the amplitude, ASky, of the
“sky” signal (Eq. 2.17) in counts and we take the average of the “Cal” signal (2.16) over the
whole subscan as the amplitude, ACal, of the calibration signal.
Finally, the incident celestial source’s LCP and RCP amplitudes, calibrated in terms of the
noise diode’s amplitude, is calculated as
ASky −ACal
2ACal
=
sky
diode
(2.18)
COS and SIN channel measurement
For the channels that measure the linear polarization the situation is slightly different. The
180◦ phase difference between El and Er during phases A and C, changes the sign of the COS
and SIN signal amplitudes. Thus, the four phases of the measurement in the COS and SIN
channels can be written as
phase A = −g · sky
phase B = ga · sky
phase C = −g · (sky + diode)
phase D = ga · (sky + diode)
(2.19)
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Figure 2.7: Differences between the datasets obtained throughout the different phases of the
measurement cycle as recorded by the LCP channel of the 4.85 GHz Effelsberg receiver. A fit
is also plotted for each difference using a Gaussian derivative function. The average values,
µ, of all datasets are in good agreement and provide an estimate of the noise diode’s LCP
amplitude.
We can now define the calibration signal in the COS and SIN channels using the phase
combination
Cal = −A+B + C −D = −(g + ga) · diode (2.20)
and the signal used to extract the celestial source’s COS and SIN amplitudes as
Sky = A−B + C −D = −(g + ga) · (2sky + diode) (2.21)
The phase combinations of the expressions 2.20 and 2.21 produce datasets of the same form
as the ones obtained with expressions 2.16 and 2.17. Thus, we can use the same procedure
followed for the LCP and RCP channels and calibrate the incident celestial source’s COS and
SIN amplitudes according to Eq. 2.18.
Following the methodology described above and the expressions 2.16 - 2.21 we are able
to express the fitted LCP, RCP, COS and SIN source amplitudes in terms of the noise diode
amplitude. This is an essential step because it allows us to calculate the complete Stokes 4-
vector of the observed sources and perform calculations using its parameters correctly since it
ensures the cross-calibration of the data obtained with the different receiver channels.
2.4.4 Corrections
The fitted amplitudes of the LCP, RCP, COS and SIN channels are corrected for a number of
systematic errors. In the following, we describe the origin of these errors and the methodology
we follow to correct for them.
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Telescope pointing
When the telescope is commanded to observe at a certain position in the sky, the given celestial
coordinates are recalculated by the pointing model of the telescope’s control software which,
among others:
• Transforms them from their reference epoch (J2000, B1950 etc.) to the date and time of
observation
• Corrects them for the Earth precession and nutation
• Corrects them for light aberration effects etc.
Then the telescope uses these recalculated coordinates to center the azimuth and elevation sub-
scan paths over which the source is measured. Several factors, like the atmospheric conditions
or the accuracy of the telescope’s pointing model, can cause small deviations of the recalcu-
lated coordinates with respect to the actual position of the source on the sky. In this case, the
telescope will be slewing over a position slightly off the actual source position in the sky. This
misplacement is manifested as an offset of the peak of the dataset from the zero position in
azimuth or elevation offset in the recorded datasets.
If the observed source is measured repeatedly, for the cross-scans following the first one,
the telescope can use, upon the observer’s request, the azimuth and elevation offsets measured
in the previous cross-scan to align better the telescope’s beam with the source position. For our
project and for most of the observed frequencies we measured the sources repeatedly, including
this option. In order to quantify the improvement of the beam alignment with respect to the
actual source position, one can compare the mean amplitude (over all sub-scans) between the
first and the second consecutive scans. Histograms of the fractional differences in the mean
amplitudes of the first and the second consecutive scans for the LCP and RCP channels are
shown in Fig. 2.8 for a large number of scans. The fact that the mean amplitude increases only
for∼ 50% of the scans by a small fraction (maximum ∼ 1−2%) points towards the conclusion
that the pointing model of the Effelsberg telescope is very accurate and the deviation of the
recalculated coordinates from the actual source position is very small.
Beam separation
Despite the automatic correction for the telescope pointing described above, the recorded
datasets of at least one of the telescope channels will be misaligned with respect to the source
position. This happens because telescopes use feed pairs with separate polarization character-
istics (e.g. left and right-handed circular or vertical and horizontal linear polarization) which
are physically separated in the receiver construction. This results to separate locations of the
corresponding beam patterns of each polarization on the plane of the sky.
For example, in the case of the 4.85 GHz, secondary focus receiver of the Effelsberg tele-
scope, the LCP and RCP beams are separated by ∼ 8′′ and since the linear polarization char-
acteristics are recorded by a correlation of the signals recorded by the LCP and RCP chan-
nels (Eq. 2.12), the COS and SIN beams are usually located between the LCP and RCP ones
(Fig. 2.9). This means practically that independently of which beam the telescope is using to
calibrate its pointing model all the others will be misaligned with respect to the source position.
In this example, the 4.85 GHz receiver of the Effelsberg telescope is using the LCP feed as the
reference point of its pointing model and the rest of the beams are always misaligned as it can
be seen in Fig. 2.9.
Correcting for the beam separation
The beam separation on the plane of the sky alters the polarization characteristics of the ob-
served source in a systematic way which can be corrected. For example, a circularly unpolar-
ized point source (LCP amplitude = RCP amplitude) observed by the cross-scan method would
appear circularly polarized. This happens because it would be measured by different “slices”
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of the LCP and RCP patterns in the azimuth and elevation direction, i.e. beam pattern re-
gions with different gains. To compensate for this effect, we use the average absolute pointing
offset in the azimuth and elevation directions of each scan to correct the source amplitude as
measured in the other direction, using an Airy disk beam pattern model (see subsection 2.4.2).
This way, we recalculate the amplitude of the source as if it would be observed at the maximum
response point of the beam pattern. To do that we use the following expression
Aazi,elvcorr = A
azi,elv
obs ·
(
2J1(w · pelv,azioff )
w · pelv,azioff
)−2
(2.22)
where,
azi, elv denotes the scanning direction
Apoi is the source amplitude corrected for pointing offset
Aobs is the measured source amplitude
poff is the average absolute pointing offset in arcsecs on the other direction
w is the Full Width at Half Maximum of the Airy disk pattern in units of
the telescope beam pattern Full Width at Half Maximum, FWHM, at the
observing frequency in arcsecs
w =
3.23266
FWHM
(2.23)
This operation is called pointing correction and it is valid under the following assumptions:
1. The pointing model of the telescope is accurate, i.e. the zero positions in azimuth and
elevation correspond to the actual source position
2. The source’s Stokes parameters are all maximized at the same position on the sky, which
is always true for unresolved sources and
3. The beam pattern of each channel can be accurately modeled with an Airy disk pattern
Pointing correction quality check
In order to check the quality of the pointing correction, one can compare the scatter of the
measured amplitudes in the different sub-scans of the same cross-scan before and after the
correction, for a beam with different azimuth and elevation pointing offsets. According to
Fig. 2.9, the most extreme case of that for the 4.85 GHz Effelsberg receiver is the RCP chan-
nel with beam position at 7.10′′ and 1.43′′ in azimuth and elevation respectively. Since the
beam offset in elevation is smaller, before the pointing correction, the measured amplitudes
over the azimuth direction should be larger than the ones over the elevation direction and this
discrepancy should become smaller after the pointing correction.
Histograms of the fractional differences in the standard deviation of the scan amplitudes
before and after the pointing correction for the LCP and RCP channels and for a large number
of scans are shown in Fig. 2.10. For this plot, we excluded all the first scans in order to check
the quality of the pointing correction alone. For 3 out of 4 cross-scans, the pointing correction
improves the scatter of the measured amplitudes in both channels and the correction is more
significant for the RCP channel with a mean fractional decrease of the scatter by ∼ 25% as
opposed to ∼ 2 − 4% for the LCP channel. The improvement in the scatter of the amplitudes
in the RCP channel affects also the scatter of the circular polarization measurements. Using the
same dataset as Fig. 2.10, we created Fig. 2.11 which shows that for ∼ 70% of the scans the
scatter on the circular polarization degree measurements decreases with an average decrease of
∼ 15%.
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Figure 2.8: The fractional differences in the mean amplitudes of the first and the second con-
secutive scans for the LCP and RCP channels. The positive values contain 42% and 32% of
the LCP and RCP histograms respectively.
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Figure 2.9: Pointing offset density plots for the LCP, RCP, COS and SIN channels of the
4.85 GHz Effelsberg receiver. The beam separation between these channels can be clearly
seen.
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Figure 2.10: The fractional differences in the standard deviation of the scan amplitudes before
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Figure 2.11: The fractional differences in the standard deviation of the scan circular polariza-
tion degree before and after the pointing correction. For 72% of the cases it is positive.
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Opacity correction
Earth’s atmosphere changes the incident signal by acting both as an attenuator and emitter. The
emission of the atmosphere contributes to the background level of the subscan and thus it is not
affecting the measured source amplitude which is estimated by fitting the part of the datasets
above it (subsection 2.4.2). This is done by including a linear function to the fitting expression
assuming that the local background level emission shows a linear behavior. For the cases that
the assumption fails, we disregard the subscan. The measured amplitudes though are decreased
due to atmospheric absorption and the correction for this effect, described below, is called
opacity correction. A detailed description can be found in Angelakis (2007); Angelakis et al.
(2009).
Using basic radiative transfer theory, we can express the source’s amplitude, corrected for
atmospheric absorption, with the following expression:
Aopc = Aobs · eτatm (2.24)
where,
Aopc is the source amplitude corrected for atmospheric absorption
Aobs is the measured source amplitude
τatm is the atmospheric opacity at the elevation of the observation. Using a sim-
ple atmosphere model, we can express the dependance of the opacity on
elevation as
τatm = τzAM = τz
1
sin(ELV )
(2.25)
where τz is the opacity at zenith and ELV is the elevation at the time of the
observation
The correction can be easily applied once the atmospheric opacity term τatm has been esti-
mated. This term can be extracted from the atmospheric emission, recorded in the background
level, because it is also regulated by τatm but in a sense opposite to the absorption.
Using the fitted linear function of the subscan’s background level, we calculate the back-
ground emission called the system temperature, Tsys. Most of the components contributing to
this background signal level are elevation-independent except for the atmospheric emission.
We can write the system temperature as follows:
Tsys = T0 + Tatm
(
1− e−τatm) (2.26)
where,
T0 includes the elevation-independent contributors, like the receiver noise tem-
perature, the antenna temperature, the cosmic microwave background emis-
sion etc.
Tatm is the effective temperature of the atmosphere, i.e. a measure of the atmo-
sphere’s emissivity assuming black-body behavior. The effective tempera-
ture can be calculated as
Tatm = 1.12 · Tground − 50K (2.27)
where Tground is the ground temperature at the time of the observation
τatm atmospheric opacity at the elevation of the observation
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Earth’s atmosphere is optically thin for most of the radio frequencies, which means that
τatm is much less than unity and we can Taylor expand Eq. 2.26 so that
Tsys ≃ T0 + Tatmτatm = T0 + Tatmτz 1
sin(ELV )
(2.28)
Assuming that T0, Tatm and τz are stable, the above equation dictates that the system temper-
ature should be in an inverse proportional relation with elevation. We use then Tsys measure-
ments over various elevations to extract the parameters of the above linear relation, i.e. T0 and
τz.
An example plot of the Tsys measurements over various airmass values for the LCP and
the RCP channels of the 4.85 GHz Effelsberg receiver is shown in Fig. 2.12. Tsys values
that don’t follow the linear relation are attributed mainly to weather effects which can change
instantaneously Tatm or τz and increase the measured Tsys. Datasets like the one depicted in
Fig. 2.12 are created from the measurements of each observing session and a lower-envelop
linear fit is used to estimate the parameters of Eq. 2.28, namely τz from the slope of the fit and
T0 from the value of the fit at zero airmass. Then, using the fitted T0 value, we estimate the
atmospheric opacity, τatm, at the time of the observation from Eq. 2.26 as
τatm = −ln
(
1− Tsys − T0
Tatm
)
(2.29)
where Tatm is calculated from Eq. 2.27. Finally, the calculated atmospheric opacity is used to
perform the opacity correction according to Eq. 2.24.
Opacity correction in different polarization modes
Assuming the atmosphere is totally unpolarized, the calculated atmospheric opacity term
should be the same for the datasets obtained with all the channels of the receiver (LCP, RCP,
COS and SIN). This assumption is supported by the parallel displacement of the LCP and RCP
data points in Fig. 2.12 which means that although the T0 value is different for each chan-
nel, the τz values are the same for both the LCP and RCP channels. Furthermore, since the
COS and SIN signals are proportional to a
〈
E2(l,r)
〉
term, similar to the LCP and RCP signals
(see Eq. 2.12), the same atmospheric opacity term can be used to correct also their measured
amplitudes for atmospheric attenuation.
As a quality check, the differences between the fitted τz using either LCP or RCP Tsys
measurements for all the observed epochs are shown in Fig.2.13. The very low average value
of −0.0003 indicates that the atmospheric opacity values obtained by the two channels inde-
pendently are consistent. Thus, we use the average atmospheric opacity of the LCP and RCP
channels to correct for atmospheric absorption the amplitudes measured in all polarization
modes.
Gain curve correction
The weight of a telescope causes the deformation of its surface in a way which depends on the
elevation angle. For the 100-m Effelsberg telescope, any attempt to minimize this effect by
making its construction unbendable would result in an extremely cumbersome design. Instead,
this was the first telescope designed to follow the homology principle, i.e. the controlled de-
formation of its surface (von Hoerner, 1967). According to the design, the surface deformation
results always to a paraboloidal shape with different focal positions at different elevation an-
gles. The telescope then moves the receiver in real time during the observations to obtain the
correct focal position. Nevertheless, the change of the surface shape alter the effective aperture
and consequently the sensitivity of the telescope in a way which is elevation-dependent. The
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correction of the measured amplitudes at different elevations for the latter effect is called gain
curve correction (Angelakis, 2007; Angelakis et al., 2009).
Strong, non-variable sources are observed in order to determine the change of the telescope
sensitivity at different elevations. The effect can be revealed then by plotting the measured
amplitudes of these sources as a function of elevation, normalized to the average amplitude of
each source. An example plot for the 4.85 GHz receiver is shown in Fig. 2.14. The data points
can be fitted by a parabola of the form:
G(ELV ) = A0 +A1 ·ELV +A2 · ELV 2 (2.30)
which connects the telescope gain, G, at a given elevation, ELV , and is called “gain curve”.
Knowing the parameters of Eq. 2.30, we can correct all measured amplitudes according to:
Agc =
Aobs
G(ELV )
(2.31)
where,
Agc is the source amplitude corrected for the telescope gain dependance on ele-
vation
Aobs is the measured amplitude of the source and
ELV is the elevation at the time of the observation
Gain curve correction in different polarization modes
The change in telescope sensitivity due to the deformation of its surface is expected to affect
all the recorded polarized signals the same way. Thus, the same G value is used to correct the
amplitudes in LCP, RCP, COS and SIN channels. This assumption is supported by the fact
that when we use the LCP and RCP channel data separately for fitting the gain curve, we get
almost the same parameter values. The LCP and RCP gain curves for the 4.85 GHz Effelsberg
receiver are shown in Fig. 2.14 and their calculated parameters are given in Table 2.3. The
parameters which we applied to all our datasets were obtained by the Effelsberg telescope stuff
members in a dedicated observing session back in February 2008 and are shown in the same
table for comparison.
Table 2.3: LCP and RCP gain curve parameters fitted by the datasets shown in Fig. 2.14. The
February 2008 gain curve parameters are given for comparison.
Channel A0 A1 A2
LCP 1.01390 4.9817 · 10−4 −1.3239 · 10−5
RCP 1.02122 1.7028 · 10−4 −0.9814 · 10−5
Stokes I (2008) 0.99500 5.2022 · 10−4 −1.2787 · 10−5
2.4.5 Stokes Q and U instrumental artifacts
According to the Stokes parametrization 2.12, the COS and SIN channels record the linearly
polarized part of the incident radiation by cross-correlating its LCP and RCP components. The
cross-correlation process is filtering out the part of the radiation which reaches the telescope
with a random phase difference between El and Er, θ, and comprises the linearly unpolarized
(or better randomly polarized) part of the incident radiation. The part of the radiation that
reaches the telescope with constant phase difference θ comprises the linearly polarized part
with EVPA
χ =
1
2
θ
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Figure 2.14: LCP and RCP channel gain curves for the 4.85 GHz Effelsberg receiver.
For a linearly unpolarized source, the observed COS and SIN (or Q and U ) datasets should
be consistent with a noise signal. The COS and SIN datasets of unpolarized sources that we
obtained though contain some spurious signals of strange shapes (artifacts) which are different
for each scanning direction. The fact that these spurious signals were the same for
1. different observed sources
2. different parallactic angles
3. different times of observation
led us to realize the systematic nature of the effect that causes them. The different forms of
artifacts we encountered after rotating the COS and SIN datasets of unpolarized sources to the
Q and U domain using Eq. 2.13 are are shown in Fig. 2.15.
Correcting the artifacts
The only factors affecting these artifacts are (1) the Stokes I amplitude of the observed source
and (2) the position of the peak in the LCP and RCP channel datasets. The artifacts become
more prominent for sources of high Stokes I amplitudes and their location in the COS and
SIN datasets are correlated with the peak position in the LCP and RCP datasets. Using this
information and the fact that their shapes are always the same and can be reproduced by smooth
functions (e.g. sums of Gaussians or Gaussian derivatives) we model them using the recorded
datasets of unpolarized sources observed in each observing session. We use a different set
of functions to fit each artifact and we estimate the fit parameters by stitching all unpolarized
source Q and U datasets together and performing a simultaneous fit in order to minimize the
parameter errors. The functional forms we use to fit the artifacts are:
Qazi = −αIe
−[x−(xI−xα)]
2
2(σασ)2 − βIe
−[x−(xI−xβ)]
2
2(σβσ)
2
(2.33)
Qelv = αIe
−[x−(xI−xα)]
2
2(σασ)2 − βIe
−[x−(xI−xβ)]
2
2(σβσ)
2
+ γIe
−[x−(xI−xγ )]
2
2(σγσ)2 (2.34)
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Figure 2.15: StokesQ andU artifacts as observed for an unpolarized source in the two scanning
directions, the azimuth in the top and the elevation in the bottom panels.
Uazi = −αI(x− (xI − xα))e
−(xI−xα)
2
2(σασ)2
(σασ)2
− βIe
−[x−(xI−xβ)]
2
2(σβσ)
2
(2.35)
Uelv = −αI(x− (xI − xα))e
−(xI−xα)
2
2(σασ)2
(σασ)2
− βIe
−[x−(xI−xβ)]
2
2(σβσ)
2
(2.36)
where,
azi, elv denotes the scanning direction that the functional form
of the Q or U artifact is refering to
I is the Stokes I amplitude, calculated from the LCP and
RCP fitted amplitudes
xI is the mean offset of the LCP and RCP fitted offsets
σI is the average FWHM of the LCP and RCP fitted
FWHMs
i, xi, σi with i = α, β or γ are the parameters of the model which are fitted with the
unpolarized source datasets of the session
The fitting functions have a large number of parameters and thus the fitting algorithm may run
in different local minima of the parameter space every time we run it. In order to avoid this,
we feed the algorithm with the initial parameter values shown in Table 2.4.
Finally, in order to remove these artifacts from the Q and U datasets of the observed
sources, we use their LCP and RCP amplitudes and peak positions, to reproduce the artifacts
using the generated model of each session (Eqs.2.33-2.36), and we subtract the modeledQ and
U artifacts from the corresponding datasets. The recorded Q and U datasets are improved in
many ways after this subtraction:
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Table 2.4: The initial values of the Stokes Q and U artifact model parameters. The functional
form of the model is given in Eqs.2.33-2.36.
Parameter Qazi Qelv Uazi Uelv
α 0.005 0.003 −0.3 0.3
xα −70 110 0 5
σα 0.5 0.2 0.9 0.3
β 0.002 0.010 0.002 0.002
xβ −5 0 0 -50
σβ 0.5 0.2 0.5 0.2
γ . . . 0.002 . . . . . .
xγ . . . −110 . . . . . .
σγ . . . 0.2 . . . . . .
1. Their peak is better aligned with the LCP/RCP peaks
2. Their FWHM value approaches the one expected at the observing frequency
3. Faint or erratic Stokes Q and U datasets obtain the expected shape (e.g. more similar to
an Airy disk pattern)
An example. An example of the artifact correction for a polarized target source is shown in
Fig. 2.16. The top panels show the LCP and RCP datasets with their fits. The dashed gray
line notes the mean offset of their peaks. In the bottom panels the steps of the correction are
shown. The COS and SIN datasets as well as their rotated forms to the Stokes Q and U domain
are colored red before and blue after the correction. First, we rotate the observed COS and
SIN datasets to the Q and U domain using the expressions of Eq. 2.13. Then, using the fitted
amplitudes and positions of the LCP and RCP peaks, we generate the predicted artifact form
from the model of the corresponding epoch which is shown here with the black lines within the
red Q and U dataset plots of the bottom panels. After the removal of the artifacts (blue Q and
U datasets in the bottom panels), we rotate the raw data back to the COS and SIN domain to
fit an Airy disk pattern and extract their amplitudes which we correct for the effects discussed
in subsection 2.4.4.
In Fig. 2.18, the generated models for 38 sessions are plotted. The shape of the artifacts
is very stable in time which is another indication for their systematic character. The averages
and the standard deviations of the fitted parameters over all 38 sessions are given in Table 2.5.
An idea that worths further investigation is that these artifacts are just “slices” of the Stokes
Q and U beams of the Effelsberg telescope at the observing frequency along the azimuth and
elevation axis (A. Kraus, priv.comm.).
Artifact correction quality check
Although the artifact correction affects only a small part of the radiation recorded in the COS
and SIN channels (the maximum amplitude of the artifacts is ∼ 0.4% of the Stokes I ampli-
tude), it is important for both weakly and strongly polarized sources. This is due to the fact that
even for the latter ones, there are certain crucial parallactic angles where the amplitude of the
recorded Q and U datasets becomes comparable to the artifact amplitude level (section 2.2).
As an example, we show in Fig. 2.17 the scatter of the linear polarization characteristics,
before and after the artifact correction, of the polarized source 3C 48 as measured several times
in one session. The scatter is greatly reduced after the correction, showing that its main con-
tribution comes from the way that the recorded Q and U datasets in various parallactic angles
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Figure 2.16: Stokes Q and U artifact correction process as described in the text.
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Table 2.5: Stokes Q and U artifact fitted parameter values averages and standard deviations.
Parameter Qazi Qelv Uazi Uelv
α 0.004±0.001 0.002±0.001 −0.3±0.1 0.2±0.0(4)
xα −65±7 128±8 −8±12 20±8
σα 0.3±0.0(2) 0.26±0.0(4) 0.9±0.4 0.9±0.1
β 0.003±0.000(4) 0.004±0.001 0.002±0.001 0.001±0.001
xβ 29±15 5±8 3±77 −81±26
σβ 0.3±0.0(2) 0.36±0.1 0.2±0.3 0.3±0.1
γ . . . 0.001±0.001 . . . . . .
xγ . . . −108±8 . . . . . .
σγ . . . 0.2±0.1 . . . . . .
were affected from the artifacts. Furthermore, the improvement in the stability of the measured
Stokes parameters during a session becomes even more important when it comes to standard
sources since their measurements are used to estimate the Müller matrix elements for that ses-
sion and their scatter will affect also the accuracy of the fit.
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Figure 2.17: Linear polarization characteristics of the calibrator 3C 48 before and after the
artifact correction. The data refer to 24 subscans of the source during one observing session.
The average values are indicated by dotted lines and the highlighted areas indicate the 1-σ
region around them. The respective values are shown in the legend.
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Figure 2.18: The generated models of the Stokes Q and U artifacts in the two scanning direc-
tions, the azimuth in the top and the elevation in the bottom panels. The models were generated
for 38 sessions.

Chapter 3
Full-Stokes polarimetry calibration
Abstract
Here, we present two methodologies for calibrating all four Stokes parameters, we
obtained at 4.85 and 8.35 GHz. Two additional techniques are presented for the correction
of the spurious instrumental Stokes V . Finally, the stability of the observing system, in
terms of polarization, is presented for the period between July 2010 and January 2015.
3.1 INTRODUCTION
The detailed data reduction methodology described in chapter 2, allows us to recover the Stokes
parameters of point sources observed with the Effelsberg 100-m or any other telescope with
circularly polarized feeds, with high accuracy. The parameters recovered with this method-
ology are expressed in diode amplitude units and the last step required is to express them in
physical units with the aid of standard sources (calibrators), i.e. sources with preferably stable
Stokes parameters which are either already known or can be derived independently on the basis
of physical arguments.
In this chapter, we present the two different methodologies we followed in order to calibrate
all four Stokes parameters of the observed sources. Furthermore, we show the technique we
developed to correct the instrumental effects and calibrate the Stokes V parameter given that
there are no standard sources available. Finally, we study the stability of the observing system
in terms of polarization using the by-products of the Full-Stokes calibration procedure we
followed.
3.2 FULL-STOKES CALIBRATION TECHNIQUES
We have followed two separate methodologies to calibrate the Stokes parameters of the ob-
served sources. The first makes use of the 4x4 Müller matrix which describes the instrumental
effects that may alter the polarization characteristics of the incident radiation. The second
methodology is a generalization of the sensitivity correction which is usually applied to the
observed Stokes I in order to convert its value from diode units or Kelvins (K) to Jansky units
(Jy) (Angelakis, 2007; Angelakis et al., 2009). The latter takes into account also the polariza-
tion characteristics of the standard sources to perform a detailed step-by-step calibration of the
Stokes parameters, as described below.
3.2.1 4x4 Müller matrix calibration
The Müller matrix calibration of the observed Stokes parameters is described in subsection
2.3. Using an adequate number of observations for the available standard sources, we can
estimate the elements of the 4x4 Müller matrix by multi-dimensional least-square fits for the
59
60 CHAPTER 3. FULL-STOKES POLARIMETRY CALIBRATION
set of equations 2.9 and 2.10, where Sobs are the observed Stokes parameters of the calibrators
and Srot are their known Stokes parameters, rotated accordingly to match Sobs at the time of
observation (see also section 2.2).
Once the Müller matrix elements are known, we multiply its inverse with the Stokes pa-
rameters of the observed sources, rotated at a common reference frame, Srot
Sreal = M
−1 · Srot (3.1)
This operation has a double benefit:
1. We correct the observed Stokes parameters for instrumental effects which may cause
cross-talk between them, i.e. partial conversion of one Stokes parameter to another. This
is done by the off-diagonal elements of the Müller matrix.
2. We express the measured Stokes parameters in physical units. This is performed by the
diagonal elements. This is the reason for the great similarity of the diagonal elements
in the representative Müller matrix of Eq. 2.11 which show an average conversion ratio
between the diode amplitude units and Jy of ∼ 0.86 for all Stokes parameters.
It is noteworthy that the fits that we ran to estimate the elements of the Müller matrix for
59 consecutive monthly sessions (at 4.85 GHz), returned systematically significant measure-
ments only for certain matrix elements. Those are mII ,mIV ,mQQ,mQU ,mUQ,mUU ,mV I
and mV V , according to the notation introduced in section 2.3 (see also Fig. 2.3). This fact
is a strong indication that there is only cross-talk between the Stokes parameter pairs of I–
V and Q–U which is expected since they are calculated by the information delivered by the
LCP–RCP and COS–SIN receiver channel pairs respectively (see also section 2.4). Thus, we
conclude that instrumental effects which transform Stokes I/V toQ/U are insignificant and the
corresponding off-diagonal Müller matrix elements are usually consistent with zero.
3.2.2 Full-Stokes sensitivity calibration
The second methodology we followed can be applied whenever the number of the available
calibrators observations is inadequate for a meaningful fit that could estimate the Müller matrix
elements as described above. In this case, the observation of at least one polarization standard
source is needed.
The first step of the methodology is the estimation of the sensitivity factor which transforms
the Stokes I and V measurements from diode amplitude units to Jy. To do that, we collect
all the Stokes I measurements of the calibrators we observed in each session and we divide
them with their corresponding known Stokes I values, expressed in Jy. The final sensitivity
factor with which we correct the Stokes I and V measurements of the observed sources is
the weighted average of these ratios. We use as weights the errors of the observed Stokes I
parameters for the calibrators.
Before we use the same approach to estimate the sensitivity factors of the Stokes param-
eters Q and U , we need to correct the observed ones for instrumental rotations. We do that,
by calculating the angle between the EVPA we observe and the one we expect for the standard
sources using the observed and known Stokes Q and U parameters. The instrumental rotation
is calculated as the weighted average of these angles and applied to all Stokes Q and U mea-
surements. After this step, we calculate the sensitivity factors for Stokes Q and U , following
the same approach as for Stokes I and V above. The observed Stokes parameters are finally
corrected with the estimated sensitivity factors for each session.
3.2.3 Our approach
We have used the above techniques combined in order to calibrate our datasets. Generally
the calibrated data agree very well. Specifically, using the average of the measured Stokes
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parameters for 2630 measurements we find a median difference of 13.5, 1.6, 1.5 and 2.5 mJy
for Stokes I ,Q, U and V respectively, calibrated by the two techniques. We noticed though that
the 4x4 Müller matrix technique was very sensitive to the number of calibrator observations
needed to get a sensible fit.
In general we need 4–5 calibrator measurements at different parallactic angles. Fitting for
the Stokes I , Q and U part of the Müller matrix (also known as solving the 3x3 Müller matrix
problem) is relatively easy even by observing one polarized calibrator at various parallactic
angles. The rotated Stokes Q and U at the different source positions, cover the corresponding
parameter spaces well. This is unfortunately not the case for Stokes V which does not depend
on the parallactic angle. For including also Stokes V in the fitting, i.e. solving the complete
4x4 Müller matrix problem, we need at least 3–4 observations of calibrators with different
circular polarization characteristics in order to adequately cover the Stokes V parameter space.
Preferably, one of those sources should be circularly unpolarized in order to calibrate the zero
level of Stokes V .
The demand for large numbers of calibrator observations, limited the sessions that the 4x4
Müller matrix technique could be applied. For most of these sessions though the Full-Stokes
sensitivity calibration technique was able to deliver good results. Thus, in order to include as
many datasets as possible to our analyses we also used data calibrated with the latter method.
The results and conclusions of this thesis are based on them.
3.3 STOKES V CALIBRATION
Both calibration techniques described above are based on the assumption that all the Stokes
parameters are known for the calibrators. Such sources are generally known and have been
used routinely for the calibration of Stokes I , Q and U . These are usually steep spectrum
quasars or planetary nebulae which remain unchanged for very long periods of time. One
example is the quasar 3C 286 that remains stable within 1% in Stokes I for over 30 years
(Perley and Butler, 2013a) and its linear polarization degree is increasing for 0.015% yr−1
(Perley and Butler, 2013b).
The set of sources we used for calibrating Stokes I , Q and U are the quasars 3C 286,
3C 295, 3C 48 and the planetary nebula NGC7027. For the latter we use the model presented
in Zijlstra et al. (2008) to calculate its total flux at the time of observation since it changes
over time. The total flux and linear polarization characteristics of these sources are given in
Table 3.2.
The situation becomes somehow more difficult when we need to calibrate the Stokes V
parameter. First, there is no such information readily available in the relevant literature. Fur-
thermore, the fact that the Effelsberg telescope has circularly polarized feeds deteriorates the
quality of circular polarization measurements by introducing spurious Stokes V . Nevertheless,
since we are interested also in the circular polarization characteristics of the observed sources,
we developed a methodology to recover it. In this section we describe the technique we de-
veloped to correct the spurious Stokes V introduced by the observing system and the steps we
followed to recover the circular polarization information for the set of calibrators mentioned
above.
Searching for circular polarization calibrators
Since we were interested in finding a set of sources with stable circular polarization character-
istics, we focused our efforts on sources which are already used as calibrators for the rest of
the Stokes parameters. After the initial inspection of their uncalibrated Stokes V lightcurves
(Fig. 3.1), we realized that the telescope was introducing spurious and variable Stokes V to
the observations. The former is indicated by the fact that all sources have negative Stokes
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Figure 3.1: Lightcurves of the uncorrected and uncalibrated Stokes V in diode amplitude units
(d.u.) for all the sources. The calibrators are marked with colors.
V values and the latter by the fact that they appeared correlated, especially for the standard
sources. Spearman ρ tests were performed to quantify the correlations for all the pairs of the
standard sources. The correlation is very significant with p values in the range of 0.03 − 10−6
and corresponding ρ values in the range of 0.57 − 0.92.
In order to correct this instrumental effect, we followed two independent techniques:
1. The first uses the assumption that the planetary nebula NGC7027, is unpolarized both
linearly and circularly, since it emits thermal radiation. This means that we can set
the Stokes V measurement of this nebula as the zero level and calibrate all the other
measurements by a subtraction of its value.
2. The second technique is based on the assumption that the average Stokes V for a large
number of randomly selected celestial sources is zero, since there should be no preferred
handedness for the circular polarization. Thus, since we observed ∼60 sources in every
session, we can use their average Stokes V as the zero level.
The Stokes V level for the standard sources, estimated with both the above techniques
for the 4.85 GHz data are shown in Table 3.1. The levels are consistent within the errors
between the two techniques but the one using the Stokes V of NGC 7027 as the zero level
gives systematically more stable results. Using these results we estimated the average Stokes
V and its standard deviation for each calibrator which is also shown in Table 3.1 (labeled as
"comb."). This exercise, showed that the calibrators 3C 295 and 3C 48 have significant and
stable Stokes V at 4.85 GHz. The significance and stability was estimated by dividing the
weighted average Stokes V with its weighted standard deviation over the observing period
(columns 4 and 5 of Table 3.1) and accepting values ≥ 3.
Using the Stokes V values that we estimated by the combination of the above calibration
techniques and the corresponding weighted average Stokes I over the observing period (both
given in Table 3.1), we calculate the level of circular polarization degree for the sources which
showed significant and stable Stokes V . Furthermore, we followed the same procedure for
the datasets at 8.35 GHz, where we found significant Stokes V for the calibrators 3C 286 and
3C 48. The results are shown in Table 3.2 (column mc). The polarization characteristics given
in this table are the ones we used to calibrate our datasets and perform the analyses presented
in the following chapters.
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Table 3.1: The 4.85 GHz calibrated Stokes V parameters of the calibrators along with the
estimates of their Stokes I , both expressed in diode amplitude units (d.u.). The calibration
technique for which we use the Stokes V of the planetary nebula NGC7027 as the zero level is
labeled as "NGC7027" and the one we use the average Stokes V of all the observed sources in a
session as "Average V". The final Stokes V estimated from the combination of both techniques
are labeled as "comb."
Source Stokes Calibration Weighted Weighted
parameter technique average σ N
(d.u) (d.u)
3C286 V NGC7027 0.011 0.015 40
V Average V -0.007 0.019 50
V comb. -0.003 0.006 . . .
I . . . 6.207 0.408 55
3C295 V NGC7027 0.029 0.008 21
V Average V 0.036 0.025 25
V comb. 0.034 0.005 . . .
I . . . 5.830 0.260 26
3C48 V NGC7027 0.027 0.009 37
V Average V 0.018 0.015 49
V comb. 0.022 0.006 . . .
I . . . 4.472 0.359 54
NGC7027 V NGC7027 . . . . . . 42
V Average V -0.007 0.013 38
V comb. -0.007 0.013 . . .
I . . . 4.694 0.258 41
3.4 SYSTEM STABILITY
The various Stokes parameter sensitivity factors and the instrumental EVPA rotation we cal-
culated for all the sessions can be used to quantify the observing system stability in both total
intensity and polarization characteristics. In Figures 3.2 and 3.3, we show their histograms for
the 4.85 and 8.35 GHz receivers respectively.
The scatter of the instrumental rotation remains as low as 1.2 − 2◦ for the total observing
period of 4.5 years and the Stokes parameter sensitivity factors remain stable within 1 − 2%
and 1 − 7% for the 4.85 and 8.35 GHz data respectively. We conclude that the observing
system is very stable and can deliver high accuracy results for total intensity, linear and circular
polarization observations. Such results for the datasets we obtained, recovered and calibrated
with the techniques described in Chapters 2 and 3 are presented in the second half of this thesis.
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Table 3.2: Polarization characteristics for the standard sources (calibrators). The given Stokes
parameters Q and U are expressed in the North–East (N–E) reference frame.
Source Freq. Stokes ml(1) χ(1) mc
I(1) Q U V
(GHz) (Jy) (Jy) (Jy) (Jy) (%) (◦) (%)
3C286 4.85 7.48 0.340 0.765 0.000 11.19 33.0 0.00
8.35 5.22 0.238 0.534 0.003 11.19 33.0 0.06
3C295 4.85 6.56 0.000 0.000 0.038 0.00 0.0 0.58
8.35 3.47 0.017 0.027 0.000 0.93 28.9 0.00
3C48 4.85 5.48 -0.192 -0.126 0.027 4.19 106.6 0.50
8.35 3.25 -0.115 -0.132 -0.007 5.39 114.5 -0.20
NGC7027 4.85 5.48 0.000 0.000 0.000 0.00 0.0 0.00
8.35 5.92 0.000 0.000 0.000 0.00 0.0 0.00
(1) Dr. A. Kraus (priv.comm.)
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Figure 3.2: Histograms of the Stokes parameter sensitivity factors and the instrumental EVPA
rotation angle for the 4.85 GHz system over the observing period.
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Figure 3.3: Histograms of the Stokes parameter sensitivity factors and the instrumental EVPA
rotation angle for the 8.35 GHz system over the observing period.
Chapter 4
Radio linear and circular polarization
of AGN jets
Abstract
The methodology described in Chapter 2 was developed specifically for the purposes
of this thesis. It was used for the entire analysis of the part of the F-GAMMA dataset
that is discussed here (2010.6 - 2015.1), in terms of both total flux, linear and circular
polarization. The current chapter is meant to present the analysis of the polarization data
of the F-GAMMA sources. After the presentation of the data we present some correlation
analyses and attempt an answer to some relevant “key” questions.
4.1 INTRODUCTION
In this chapter we describe the linear and circular polarization properties of a large sample
of AGNs consisting mostly of blazars – i.e. the ones with the jet axis almost aligned to our
line of sight. We managed to recover their linear and circular polarization properties over four
different radio frequencies and over a large number of observing sessions which cover the
last 4.5 yrs, using the methodologies described in Chapters 2 and 3. This high-cadence and
multi-frequency approach allows us to study also the frequency and time dependence of those
characteristics, which show pronounced variability as discussed below.
The prerequisite conditions for the emergence of significant polarization, provide a unique
handle on the physical conditions at the emitting element. In the current chapter we investi-
gate two of them, namely the magnetic field of the emitting (and transmitting) plasma and its
low energy particle content. Finally, we investigate a number of relations between different
observed properties such as the position angle of their jet, their linear and circular polarization,
rotation measure, magnetic fields or flux density state. Such relations can be connected with
the corresponding theoretical predictions to provide an insight onto the physical mechanisms
that govern these sources.
4.2 THE DATASET
Our sample includes 87 radio-loud AGNs which have been observed with the 100-m Effelsberg
telescope in the framework of the F-GAMMA monitoring program1 (Fuhrmann et al., 2007;
Angelakis et al., 2010). A list of the observed sources is given in Table 4.1 along with some
useful information. Although the program has been observing in total flux density and polar-
ization mode since January 2007, this thesis deals with a subset of these observations covering
1http://www.mpifr-bonn.mpg.de/div/vlbi/fgamma
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the period from July 2010 until January 2015. The observations have been conducted over 56
sessions with a median cadence of 49.4 days (1.6 months). For four of the 8 receivers, the
total power is paired with polarization information. For the receivers operating at 2.64, 4.85,
8.35 and 10.45 GHz linear polarization information has been recovered. At 4.85 and 8.35 also
circular polarization has been reduced.
In Table A.1 we give some representative statistical moments for the total flux density and
polarization characteristics of the observed sources. For each source and observing frequency
we provide the number of data points which passed our selection criteria, Nsign, over the total
number of data points obtained and some basic descriptive statistics for a number of observed
quantities shown in the third column with the title x. These quantities are:
• the linear polarization degree, ml, and flux density Πl
• the absolute circular polarization degree, |mc|, and flux density |Πc|
• the total flux density, S
• the electric vector position angle (EVPA), χ
Note that in some cases the total number of of points that passed the quality checks for theml
may be different from those for the Πl. In those cases, Πl has been measured (from COS and
SIN channels) while ml has been corrupted because of corrupted total flux density measure-
ment. EVPA measurements are reported for all successful Πl measurements.
For each of the above quantities we provide the total number of measurements that passed
a set of quality checks, the weighted average, 〈x〉, and standard deviation, σx, over the time
that the quantity has been observed. The modulation index, σx〈x〉 , as a measure of the variability
amplitude of the source in that quantity as well as the median, minimum and maximum values.
4.2.1 Quality Checks and data operations
The data quality limits, depend on the measured quantity and are briefly described as follows:
• For the total flux density, S, we rejected data with
1. signal-to-noise ratio < 3
2. extreme values for which the absolute deviation from the median value of the cor-
responding dataset was larger than 10 times the standard deviation of the rest of the
dataset (if number of measurements ≥ 2)
• For the linear polarization degree, ml, and flux density, Πl we rejected data with
1. signal-to-noise ratio < 3
2. extreme values defined as above
3. Only for ml: values associated with corrupted corresponding total flux density
measurements
• For the EVPA, we rejected data with
1. signal-to-noise ratio of the corresponding linear polarization flux density < 3
2. values associated with corrupted corresponding linear polarization flux density
• For the circular polarization degree, mc, and flux density, Πc we rejected data with
1. extreme values defined as above
2. signal-to-noise ratio < 3
3. values associated with corrupted corresponding total flux density measurements
The EVPA datasets have been corrected for the nπ ambiguity with the methodology de-
scribed in Kiehlmann et al. (2013): stating from the first data point in time, we calculate the
absolute EVPA difference between two adjacent data points, taking into account their errors,
σ, as
∆χ = |χi+1 − χi| −
√
σ2χi+1 + σ
2
χi (4.1)
If∆χ is found to be more than pi/2, we subtract n times π from the latter data point, χi+1, with
n selected so that the difference 4.1 is minimized.
The corresponding lightcurves for the quantities described in Table A.1 are shown in Fig-
ures B.1-B.29.
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Table 4.1: The list of the observed sources.
F-GAMMA
Catalog name RA DEC Class(a) redshift(b)
source ID
hh:mm:ss.s dd:mm:ss.s
3C 48 3CR48 01:37:41.3 +33:09:35.1 QSO9 0.367
3C 161 3C 161 06:27:10.1 -05:53:05 Quasar11 . . .
3C 286 3CR 286 13:31:08.3 +30:30:33.0 QSO9 0.850
3C 295 3C 295 14:11:20.5 +52:12:09.5 Radio Galaxy10 0.464
J0006-0623 PKS0003-066 00:06:13.9 -06:23:35.3 FSRQ 0.347
J0050-0929 FBQS J0050-0929 00:50:41.3 -09:29:05.2 BL Lac 0.634
J0102+5824 87GB0059+5808 01:02:45.8 +58:24:11.1 FSRQ1 0.644
J0136+4751 0133+476 01:36:58.6 +47:51:29.1 FSRQ 0.859
J0217+0144 0215+015 02:17:49.0 +01:44:49.7 FSRQ 1.715
J0221+3556 B2 0218+35 02:21:05.5 +35:56:13.9 Blazar 0.944
J0222+4302 3C 066A 02:22:39.6 +43:02:07.8 BL Lac 0.444
J0237+2848 0234+285 02:37:52.4 +28:48:09.0 FSRQ 1.213
J0238+1636 0235+164 02:38:38.9 +16:36:59.3 BL Lac 0.940
J0241-0815 NGC1052 02:41:04.8 -08:15:20.8 Seyfert 27 0.005
J0303+4716 0300+470 03:03:35.2 +47:16:16.3 BL Lac 0.475
J0319+1845 0317+185 03:19:51.8 +18:45:34.2 BL Lac 0.190
J0319+4130 3C 084 03:19:48.2 +41:30:42.1 Blazar 0.018
J0324+3410 1H 0323+342 03:24:41.2 +34:10:45.1 NLSy18 0.061
J0336+3218 0333+321 03:36:30.1 +32:18:29.3 FSRQ 1.259
J0339-0146 0336-019 03:39:30.9 -01:46:35.8 FSRQ 0.850
J0349-2102 PKS0347-211 03:49:57.9 -21:02:47.7 FSRQ 2.944
J0359+5057 4C+50.11 03:59:29.7 +50:57:50.2 FSRQ5 1.520
J0418+3801 3C 111 04:18:21.3 +38:01:35.8 Seyfert 12 0.049
J0423-0120 0420-014 04:23:15.8 -01:20:33.1 FSRQ 0.916
J0433+0521 3C 120 04:33:11.1 +05:21:15.6 Blazar 0.033
J0507+6737 1ES 0502+675 05:07:56.2 +67:37:24.4 BL Lac 0.416
J0530+1331 PKS0528+134 05:30:56.4 +13:31:55.1 FSRQ 2.070
J0654+4514 B3 0650+453 06:54:23.6 +45:14:22.9 Blazar 0.933
J0719+3307 B2 0716+33 07:19:19.4 +33:07:09.7 Blazar 0.779
J0721+7120 0716+714 07:21:53.4 +71:20:36.4 BL Lac 0.328
J0730-1141 0727-115 07:30:19.0 -11:41:13.0 FSRQ 1.589
J0738+1742 0735+178 07:38:07.4 +17:42:19.0 BL Lac 0.424
J0750+1231 0748+126 07:50:52.0 +12:31:04.8 FSRQ 0.889
J0808-0751 0805-077 08:08:15.5 -07:51:09.9 FSRQ 1.837
J0818+4222 B3 0814+425 08:18:16.0 +42:22:45.4 BL Lac 0.530
J0824+5552 0820+560 08:24:47.2 +55:52:42.7 FSRQ 1.417
J0830+2410 0827+243 08:30:52.1 +24:10:59.8 FSRQ 0.939
J0841+7053 0836+710 08:41:24.4 +70:53:42.2 FSRQ 2.218
J0849+5108 SBS0846+513 08:49:58.0 +51:08:29.0 NLSy13,4 0.584
J0854+2006 OJ +287 08:54:48.9 +20:06:30.6 BL Lac 0.306
J0920+4441 0917+449 09:20:58.3 +44:41:53.9 FSRQ 2.190
J0948+0022 0946+006 09:48:57.3 +00:22:25.6 FSRQ,NLSy14 0.585
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Table 4.1: continued.
F-GAMMA
Catalog name RA DEC Class(a) redshift(b)
source ID
hh:mm:ss.s dd:mm:ss.s
J0958+6533 0954+658 09:58:47.2 +65:33:54.8 BL Lac 0.367
J1041+0610 1038+064 10:41:17.2 +06:10:16.9 FSRQ 1.264
J1104+3812 MRK0421 11:04:27.3 +38:12:31.8 BL Lac 0.030
J1128+5925 1125+596 11:28:13.3 +59:25:14.8 FSRQ 1.795
J1130-1449 1127-145 11:30:07.1 -14:49:27.4 FSRQ 1.184
J1136+7009 MRK0180 11:36:26.4 +70:09:27.3 BL Lac 0.045
J1159+2914 1156+295 11:59:31.8 +29:14:43.8 FSRQ 0.729
J1217+3007 BZB J1217+3007 12:17:52.1 +30:07:00.6 BL Lac 0.130
J1221+2813 WCom 12:21:31.7 +28:13:58.5 BL Lac 0.102
J1224+2122 PG 1222+216 12:24:54.5 +21:22:46.4 FSRQ 0.435
J1229+0203 3C 273 12:29:06.7 +02:03:08.6 FSRQ 0.158
J1230+1223 M087 12:30:49.4 +12:23:28.0 Radio Galaxy1 0.004
J1246+0238 . . . 12:46:34.7 +02:38:09.1 NLSy14 0.363
J1256-0547 3C 279 12:56:11.2 -05:47:21.5 FSRQ 0.536
J1310+3220 OP+313 13:10:28.7 +32:20:43.8 Blazar 0.997
J1332-0509 PKS1329-049 13:32:04.3 -05:09:42.9 FSRQ 2.150
J1345+4452 1343+451 13:45:33.2 +44:52:59.6 FSRQ 2.534
J1354-1041 PKS1352-104 13:54:46.5 -10:41:02.7 FSRQ 0.330
J1408-0752 PKSB1406-076 14:08:56.5 -07:52:26.7 FSRQ 1.494
J1428+4240 H 1426+428 14:28:32.7 +42:40:20.6 BL Lac 0.129
J1504+1029 PKS1502+106 15:04:25.0 +10:29:39.0 FSRQ 1.839
J1505+0326 PKS1502+036 15:05:06.5 +03:26:31.0 FSRQ,NLSy18 0.409
J1512-0905 PKS1510-089 15:12:50.5 -09:05:59.8 FSRQ 0.360
J1522+3144 B2 1520+31 15:22:10.0 +31:44:14.4 FSRQ 1.487
J1540+8155 1ES 1544+820 15:40:16.0 +81:55:05.5 BL Lac 0.000
J1542+6129 1542+616 15:42:56.8 +61:29:54.9 BL Lac 0.000
J1553+1256 1551+130 15:53:32.7 +12:56:51.7 FSRQ 1.308
J1555+1111 1ES 1553+113 15:55:43.0 +11:11:24.4 BL Lac1 0.360
J1613+3412 1611+343 16:13:41.1 +34:12:47.9 FSRQ 1.397
J1635+3808 4C +38.41 16:35:15.5 +38:08:04.5 FSRQ 1.814
J1642+3948 3C 345 16:42:58.8 +39:48:37.0 FSRQ 0.593
J1653+3945 MRK0501 16:53:52.2 +39:45:36.6 BL Lac 0.033
J1733-1304 PKS1730-13 17:33:02.7 -13:04:49.5 FSRQ 0.902
J1751+0939 OT+081 17:51:32.8 +09:39:00.7 Blazar 0.322
J1800+7828 S5 1803+78 18:00:45.7 +78:28:04.0 BL Lac 0.680
J1806+6949 3C 371 18:06:50.7 +69:49:28.1 BL Lac 0.046
J1824+5651 4C +56.27 18:24:07.1 +56:51:01.5 BL Lac 0.664
J1848+3219 1846+322 18:48:22.0 +32:19:01.9 FSRQ 0.798
J1849+6705 S4 1849+670 18:49:16.1 +67:05:41.7 FSRQ 0.657
J1911-2102 1908-211 19:11:53.9 -21:02:43.8 FSRQ 1.420
J1923-2104 1920-211 19:23:32.2 -21:04:33.3 FSRQ 0.874
J1959+4044 CygA 19:59:28.4 +40:44:02.1 FRII6 0.056
J1959+6508 1ES 1959+650 19:59:59.9 +65:08:54.7 BL Lac 0.047
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Table 4.1: continued.
F-GAMMA
Catalog name RA DEC Class(a) redshift(b)
source ID
hh:mm:ss.s dd:mm:ss.s
J2025-0735 2022-077 20:25:40.6 -07:35:52.0 FSRQ 1.388
J2143+1743 2141+175 21:43:35.5 +17:43:48.0 FSRQ 0.213
J2147+0929 2144+092 21:47:10.0 +09:29:45.9 FSRQ 1.113
J2158-1501 PKS2155-152 21:58:06.3 -15:01:09.3 FSRQ 0.672
J2158-3013 PKS2155-304 21:58:52.0 -30:13:32.0 BL Lac 0.116
J2202+4216 BLLacertae 22:02:43.3 +42:16:40.0 BL Lac 0.069
J2203+1725 2201+171 22:03:27.0 +17:25:48.2 FSRQ 1.076
J2203+3145 2201+315 22:03:15.0 +31:45:38.3 FSRQ 0.295
J2225-0457 3C 446 22:25:47.3 -04:57:01.4 FSRQ 1.404
J2229-0832 2227-088 22:29:40.1 -08:32:54.4 FSRQ 1.560
J2232+1143 CTA102 22:32:36.4 +11:43:50.9 FSRQ 1.037
J2253+1608 3C 454.3 22:53:57.7 +16:08:53.6 FSRQ 0.859
J2325+3957 B3 2322+396 23:25:17.9 +39:57:37.0 BL Lac 0.000
J2327+0940 2325+093 23:27:33.4 +09:40:09.0 FSRQ 1.843
J2347+5142 1ES 2344+514 23:47:04.8 +51:42:17.9 BL Lac 0.044
J2348-1631 PKS2345-16 23:48:02.6 -16:31:12.0 FSRQ 0.576
NGC7027 NGC7027 21:07:01.6 +42:14:10.2 Pl. Nebula12 . . .
(a) Taken from the 3rd online edition of the “The Roma BZCAT Multi-frequency Catalogue of Blazars” (original
paper, Massaro et al. (2009)) unless otherwise noted with a superscript according to one of the references below.
The classes “FSRQ” and “Blazar” stand for the “QSO RLoud flat radio sp.” and “Blazar Uncertain type” in the
catalog.
(b) Taken from the same catalog as before. If the source was not in the catalog, we searched the NASA/IPAC
Extragalactic Database (NED) for a redshift measurement.
References. (1) Nolan et al. (2012), (2) Véron-Cetty and Véron (2006), (3) Zhou et al. (2005), (4) Yuan et al.
(2008), (5) Acosta-Pulido et al. (2010), (6) Leahy and Williams (1984), (7) Maia et al. (2003), (8) Angelakis et al.
(2015), (9) Hewitt and Burbidge (1980), (10) Perley and Butler (2013a), (11) Souchay et al. (2012), (12)
Zijlstra et al. (2008)
Table 4.2: The numbers of sources with at least 1 significantly polarized data point (i.e.
Nsign ≥ 1) for each frequency.
Freq. Quantity Detected Percentage 〈ml,c〉
(GHz) sources (%) (%)
2.64 Πl 72/79 91.1 3.0
4.85 Πl 67/85 78.8 3.1
Πc 44/85 51.8 0.5
8.35 Πl 73/84 86.9 3.1
Πc 48/84 57.1 0.4
10.45 Πl 61/79 77.2 3.2
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4.2.2 Demographics of polarized sources
The demographics of the observed sources in terms of their polarization characteristics are
shown in Table 4.2. In the third column, we report the number of sources we measured the
corresponding quantity at least once over the total number of sources except for the planetary
nebula NGC7027 which was observed as calibrator. These sources have Nsign ≥ 1 in Ta-
ble A.1. In column 4 we give the same number as a percentage and in column 5 the average
value of the linear and circular polarization degree of our dataset for each frequency.
A large fraction, around 80-90 %, of the observed AGNswere found to be linearly polarized
at least once. Concerning the circular polarization, a mere 55% showed significant circular
polarization degree at least once; i.e. signal-to-noise ratio ≥ 3. As we discuss later, the main
reason for this is the intrinsically lower degree of circular polarization (∼ 0.4 − 0.5%) which
makes the detection of circularly polarized flux extremely challenging, especially for sources
with comparatively low flux density.
4.2.3 Linearly and circularly-only polarized sources
There are 40 and 46 sources that show both linear and circular polarization characteristics in
our 4.85 and 8.35 GHz data respectively. Here we are focusing on the sources that show either
linear or circular only polarization. The numbers of sources which were found either linearly
or circularly polarized in any combination are shown in Table 4.3.
Table 4.3: Combined linear and circular polarization characteristics. Number of sources found
either linearly or circularly polarized in any combination.
Freq. LP CP Number
(GHz)
4.85 Y Y 40
Y N 27
N Y 4
N N 14
8.35 Y Y 46
Y N 27
N Y 2
N N 9
As shown in that table, there are 27 sources in both 4.85 and 8.35 GHz datasets which
show linear but no circular polarization. One possible explanation for the mc deficiency for
these sources is that they show lower levels of total flux density, S, and hence they do not satisfy
the detection limits of circular polarization for our system. Since the mc levels are usually in
the range of 0.2 - 1. %, their circularly polarized flux density (Πc) is possibly not detected.
This interpretation is supported by the histograms shown in Fig. 4.1, where we plot the median
total flux densities for sources which show both linear and circular polarization (LP and CP)
and the ones which show only linear polarization. The two distributions have different median
values, in accordance to our interpretation that sources which show only linear polarization
have systematically lower total flux levels than the ones that show both linear and circular
polarization. The 2 sample KS test results support that the two distributions are indeed different
with confidence level of 99.9 and 99.4 % for the 4.85 and 8.35 GHz data respectively.
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Figure 4.1: Histograms of the flux densities for sources which show both linear and circular
polarization as well as the ones which show linear but no circular polarization. The results
support that the two samples are drawn from two different distributions with median total flux
densities which are shown in the legend of each graph.
Only circularly polarized sources
There is also a very interesting subgroup of sources for which, we have detected circular polar-
ization at least once with 3 sigma significance, but no linear polarization. Their number is very
small. 4 sources in the 4.85 GHz data and 2 for the 8.35 GHz. Other than the simplistic interpre-
tation that these are false-positive detections of circular polarization, this observable should be
connected with the physical characteristics of these sources. For example, Very Long Baseline
Interferometry (VLBI) observations of these sources show either very compact configurations
or double sided jets which appear to lie on the plane of the sky. If the observed emission is
coming from an ultra-compact, point-like jet, then the excess of circular polarization, could
be explained by depolarization effects which affect the linear polarization characteristics more
than the circular ones. In other words, this may be an indication that circular polarization
“survives” various depolarization effects as we show also in subsection 4.4.3.
4.2.4 Linear polarization per observing frequency
In Fig. 4.2 we show with grey color the distribution of the median linear polarization degree
for all sources and for each of the four frequencies. The red and blue histograms show the
corresponding distributions for the Flat Spectrum Radio Quasars (FSRQs) and the BL Lac
sources respectively for a direct comparison. Since there are sources classified as neither FSRQ
nor BL Lac in our sample (see also Table 4.1), the number of the ones in the grey histograms
is always greater than the sum of those in the red and blue ones (given in the corresponding
parentheses). This representation is followed for all the plots shown in this chapter. The total
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number of sources with Nsign ≥ 1 is given in the legend of each plot as N, along with the
mean, median and standard deviation for each dataset. The average linear polarization degrees
for each frequency were also reported in Table 4.2. Finally, in order to disentangle the polarized
from the total flux density , we give in Fig. 4.3 the corresponding histograms for the median
linearly polarized flux density.
Judging from either the median or the mean values, we observe that the linear polarization
degree and flux appear to be correlated with the observing frequency. A similar result is found
by Agudo et al. (2014) where they compare their polarization data at 86 and 229 GHz with the
ones measured by the MOJAVE program at 15 GHz (Lister et al., 2009). They argue that the
increase of the linear polarization degree with increasing frequency is due to the better ordering
of the magnetic field closer to the central engine. The higher the frequency the closer we look
at the central engine due to opacity effects. Additionally, the increased depolarization due to
the Faraday rotation effect is expected towards lower frequencies.
4.2.5 Circular polarization per observing frequency
In Fig. 4.4 we show the distribution of the median absolute circular polarization degree, mc,
at 4.85 and 8.35 GHz. We perform our analysis for the absolute values of circular polarization
in order to avoid cancellations due to the different handedness (sign) of the measured circular
polarization. We remind that for our analysis, we adopt the positive circular polarization degree
sign for the left-handed circularly polarized radiation. Furthermore, we plot in Fig. 4.5 the
corresponding distribution of the median absolute circular polarization flux density.
No significant difference was found between the 4.85 and 8.35 GHz circular polarization
information for our sample. The difference was insignificant between those two frequencies
also for the linear polarization parameters. We interpret this result as a consequence of the fact
that the emission is coming from neighboring regions in the jet with similar physical conditions.
4.2.6 Polarized state duration
Since we are working with monitoring data, we can tackle the question of what fraction of
their activity the sources remain in states of significant polarization. In order to solidify the
results of this analysis, we consider sources that have been observed at least 10 times. For each
source, we compute the fraction of the number of times it was found to be polarized over the
total number of times it was measured. The results are shown in Figures 4.6 and 4.7.
The majority of the linearly polarized sources are found at significantly polarized state for
80 - 90 % of the time they were observed. Interestingly, this is not the case for the highest
observing frequency at 10.45 GHz, where the corresponding fraction has a median of 28 %. A
possible interpretation for this peculiar behavior is the increased variability of the sources at
higher frequencies. If the variability is caused by the optical depth and spectral evolution of
emitting elements, as described in Chapter 5, their linear polarization degree is often minimized
or vanishes when they change from optically thick to thin. Thus intense variability can render
the polarized part of the jet emission unobservable for at least part of the time that it is observed.
On the other hand, sources which were measured to be circularly polarized at least once,
acquire this state only for a small fraction of the time (median: 7 %). This is expected for
variable sources since the intrinsically low fraction of circular polarization (Table 4.2) restricts
our capacity to measure it to only the brief periods the source remains at a high total flux state.
4.2.7 Total flux and linear polarization spectra
In subsection 4.2.4, we showed that there is a weak correlation between the linear polarization
degree and the observing frequency. Since we acquired monitoring data, we can show that
this “static” approach is not valid when the dynamics of the relation is investigated. In fact we
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Figure 4.2: The distribution of the linear polarization degree, ml, for sources with at least one
significantly detected polarization data point at each observing frequency.
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Figure 4.3: The distributions of the linearly polarized flux density, Πl, for sources with at
least one significant polarization data point at each observing frequency. The plots have been
truncated to 0.5 Jy to ease reading. There are a small number of data points outside this range.
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Figure 4.4: The distribution of the absolute circular polarization degree,mc, for sources with at
least one significantly detected polarization data point at each observing frequency. The plots
have been truncated to 1.5 % to ease reading. There is one data point outside this range for the
4.85 GHz histogram.
observed significant variability in the frequency dependence of the linear polarization charac-
teristics (ml versus frequency) for the majority of the sources. This is expected since, in the
case of (incoherent) synchrotron emission, the linear polarization degree is a function of the
spectral index (see also subsection 1.4.1) and most of these sources show pronounced spectral
variability (e.g. Angelakis et al., 2012).
In Figures C.1 - C.29, we show the spectral variations of the total flux density as well as
the linear polarization degree along with the temporal variations of the corresponding fitted
power-law spectral indices. The indices were measured by fitting a single power-law function
for each spectrum using:
log S = αS log ν + const. (4.2)
logml = αl log ν + const. (4.3)
In the bottom panels of each plot we give the lightcurves of αS and αl.
For a subset of sources like J1256-0547 (3C 279) or J2253+1608 (3C 454.3) and for a
number of measurements, the ml versus ν curve is not described by a single power law. In
these cases, we measure a clear minimization of ml at one of the observed frequencies. This
fact, combined with the concurrent rotation of the EVPA by 90◦, points towards the fact that we
observe a clear transition between the optically thick and thin regimes of a component emitting
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Figure 4.5: The distributions of the absolute circularly polarized flux density, Πc, for sources
with at least one significant polarization data point at each observing frequency. The plots have
been truncated to 100 mJy to ease reading. There is one data point outside this range for the
4.85 GHz histogram.
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Figure 4.6: Histograms of the fraction of the number of times the sources were detected to be
linearly polarized over the number of times they were observed. The analysis was performed
for sources that were observed at least 10 times.
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Figure 4.7: Histograms of the fraction of the number of times the sources were detected to be
circularly polarized over the number of times they were observed. The analysis was performed
for sources that were observed at least 10 times.
a synchrotron self-absorbed spectrum. These transitions can provide a wealth of information
for the physical conditions of the emitting components as it is discussed in detail in Chapter 5.
4.3 DERIVATIVE QUANTITIES
The prerequisite conditions for the emergence of significant linear polarization and even more
so for circular polarization, provide a unique handle on the physical conditions at the emitting
element. Here we examine only two examples: The magnetic field magnetizing the emitting
(and transmitting) plasma and the low energy particle content (through rotation measure stud-
ies) of that plasma. In separate publications we explore the full potential of the technique by
studying other parameters that can reveal through polarization.
4.3.1 Magnetic field magnitude
The degree of circular polarization allows us to have a direct estimate of the magnetic field
strength at the emission site. Under the assumptions that
1. the observed circular polarization degree is attributed to the intrinsic synchrotron emis-
sion mechanism and not other polarization modifying effects such as Faraday conversion
2. the emitting particles are electrons
3. the magnetic field is uniform at least at the linear scales of the emitting region,
the degree of circular polarization is directly related to the magnetic field strength by
mc ∼
√
νB
νem
(4.4)
(Homan et al., 2009) where,
νem the frequency of emission
νB = 2.8 B the electron gyro-frequency in a magnetic field of strength B, given in MHz
If we use the Eq. 4.4 to estimate the magnetic field strength, we need to account for the fact
that the frequency of emission is usually not the one we observe. There are two major effects
that can alter this frequency. The first one is the cosmological redshift and the second is the
relativistic Doppler effect as a result of special relativity, caused by the relativistic motion of the
emitting element. These two effects act reversely to each other. The former causes a redshift
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of the observed frequency relative to the emitted. The latter on the other hand blueshifts the
observing frequency. Assuming that the emission region is traveling along the jet axis we can
recover the emitted frequency from the observed one using
νem =
νobs(1 + z)
δ
(4.5)
where,
νobs the observing frequency
z the redshift of the source
δ =
√
1−β2
1−β cos θ the relativistic Doppler factor of the emission region which is moving with
speed β (in units of c) on a path with angle θ to our line of sight (LoS)
Using the median of the absolute circular polarization degree measurements for the sources
which had at least one mc data point with high significance (signal-to-noise ratio ≥ 3), we
calculated the magnetic field strength of sources for which both the redshift and the Doppler
factor could be calculated independently. The Doppler factor estimates are taken from the
variability studies presented in Hovatta et al. (2009). The results can be found in Table 4.4 as
well as in Fig. 4.8.
The magnetic field strengths estimated with the above technique are of the order of a few
to a few tens of mG. There is a slight increase of the median magnetic field strength from
∼ 3 to ∼ 6 mG with increasing observing frequency which can be seen as an indication that
at higher frequencies we observe regions of the jet where the magnetic field becomes more
uniform. Our magnetic field estimates are in good agreement with other studies. For example
O’Sullivan and Gabuzda (2009a) calculate equipartition magnetic field strengths of the order of
10 – 100 mG in the radio cores of four AGN jets using the frequency dependence of their VLBI
core positions (core-shifts) from 4.6 to 43 GHz. They argue that extrapolating these results
back to the accretion disc and black hole jet-launching distances, the magnetic field strengths
are consistent with those expected from theoretical predictions of magnetically powered jets.
Table 4.4: Magnetic field strength estimates using the median circular polarization
degree. Column 2 is the observing frequency, column 3 is the number of |mc| data
points with signal-to-noise ratio ≥ 3 and column 4 the median value of |mc| using
these data points. Columns 5, 6 and 7 are three different estimates for the magnetic
field strength. Column 5 is the estimate after correcting the observing frequency for
both the cosmological redshift and the relativistic Doppler effect. Column 6 is the es-
timate after correcting the observing frequency only for the cosmological redshift and
column 7 the estimate without applying any correction to the observing frequency.
Source Freq. Nsign median |mc| B Bz corr Buncorr
(GHz) (%) (mG) (mG) (mG)
J0102+5824 4.85 2 0.25 1.3 17.8 10.8
8.35 3 0.36 4.5 63.5 38.6
J0136+4751 4.85 1 0.42 2.7 56.8 30.6
J0237+2848 4.85 5 0.38 3.4 55.4 25.0
8.35 13 0.40 6.6 105.6 47.7
J0238+1636 8.35 1 0.32 2.5 59.2 30.5
J0319+4130 4.85 10 0.80 371.5 111.4 109.5
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Table 4.4: continued.
Source Freq. Nsign medianmc B Bz corr Buncorr
(GHz) (%) (mG) (mG) (mG)
8.35 3 0.23 53.5 16.1 15.8
J0339-0146 8.35 1 0.54 9.2 160.9 87.0
J0359+5057 4.85 1 0.47 7.4 96.4 38.3
J0418+3801 4.85 26 0.46 13.5 39.3 37.5
8.35 4 0.31 10.0 29.1 27.7
J0423-0120 4.85 4 0.23 0.9 18.3 9.6
8.35 2 0.32 3.0 60.4 31.5
J0530+1331 8.35 4 0.68 13.6 423.3 137.9
J0721+7120 4.85 3 0.67 9.5 103.3 77.8
8.35 6 0.40 5.8 63.4 47.7
J0818+4222 4.85 3 0.33 6.3 28.9 18.9
8.35 3 0.51 25.8 118.7 77.6
J0841+7053 8.35 5 0.44 11.4 185.8 57.7
J0854+2006 4.85 6 0.32 1.4 23.2 17.7
8.35 5 0.31 2.2 37.4 28.7
J0958+6533 4.85 2 0.41 6.6 40.8 29.8
8.35 3 0.78 40.0 248.0 181.4
J1159+2914 4.85 2 0.29 0.9 25.2 14.6
J1221+2813 8.35 1 0.64 112.2 134.6 122.1
J1224+2122 8.35 3 0.70 40.3 209.7 146.1
J1229+0203 4.85 6 0.28 0.9 15.2 13.1
8.35 4 0.28 1.6 27.1 23.4
J1256-0547 4.85 19 0.55 3.4 80.5 52.4
8.35 10 0.48 4.4 105.5 68.7
J1310+3220 4.85 4 0.33 2.4 37.7 18.9
8.35 2 0.47 8.7 134.4 67.3
J1504+1029 4.85 2 0.28 3.1 37.2 13.1
8.35 3 0.40 11.3 135.5 47.7
J1512-0905 4.85 2 0.29 1.2 19.8 14.6
8.35 5 0.46 5.1 85.8 63.1
J1635+3808 4.85 1 0.18 0.7 15.8 5.6
8.35 7 0.30 3.5 75.5 26.8
J1642+3948 4.85 2 0.18 1.2 9.4 5.9
8.35 13 0.32 6.2 48.6 30.5
J1733-1304 8.35 2 0.36 7.1 75.6 39.7
J1751+0939 4.85 7 0.42 3.4 40.4 30.6
8.35 4 0.34 3.8 45.6 34.5
J1800+7828 4.85 1 0.48 5.5 67.0 39.9
8.35 8 0.32 4.2 51.3 30.5
J1806+6949 4.85 1 0.33 17.9 19.7 18.9
J2202+4216 4.85 3 0.31 2.4 17.8 16.6
8.35 16 0.38 6.3 46.0 43.1
J2203+3145 8.35 1 0.44 11.2 74.8 57.7
J2225-0457 4.85 1 0.37 3.6 57.0 23.7
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Table 4.4: continued.
Source Freq. Nsign median mc B Bz corr Buncorr
(GHz) (%) (mG) (mG) (mG)
J2232+1143 4.85 6 0.29 1.8 28.7 14.1
8.35 2 0.23 2.2 33.5 16.5
J2253+1608 4.85 5 0.33 1.1 35.1 18.9
8.35 9 0.50 4.2 138.6 74.6
4.3.2 Rotation measure
As described in subsection 1.4, Faraday rotation occurs when electromagnetic radiation passes
through a region of low energy magnetized plasma. As a result, the EVPA is rotated by an
angle ∆χ given in Eq. 1.69 which can be also written as
∆χ ∝ Ne B‖ λ2 (4.6)
The magnitude of the rotation is proportional to the electron number density in the propagating
medium, Ne, and the magnetic field component of the magnetized region parallel to the line
of sight, B‖. In fact, ∆χ is proportional to the integral of their product along the propagating
medium – termed Rotation Measure (RM). The rotation measure, has units of [rad m−2] and
it can be estimated by a linear fit of the EVPA measurements plotted against the square of the
wavelength, λ, at various observed wavelengths.
The fact that we acquired multi-frequency, high cadence polarization data gives the unique
opportunity to study the rotation measure and its variability for the observed sources. Using
the EVPA measurements for each epoch, we constructed the rotation measure (RM) plots (i.e.
EVPA versus λ2). In order to solidify the results of this analysis we constricted ourselves to the
sources which had EVPA data for at least 3 different wavelengths with at least 10 data points
each.
As a first step of this analysis, we corrected the RM plots for the nπ ambiguities of the
EVPA values between the observing bands. To do that, we started from the EVPA data at the
highest frequencies (8.35 or 10.45 GHz) which is less likely to be affected by the Faraday rota-
tion effect, and progressively corrected the lower frequencies (8.35, 4.85 and 2.64 GHz). The
correction applies integer multiples of π since we expect a linear relation between EVPA and
λ2. In order to compensate for the high EVPA variability, we performed the above correction
only when the difference between the median EVPAs of two adjacent frequencies are larger
than pi2 . After visual inspection of the corrected EVPA datasets, we changed this limit to
pi
3
only for one source, namely J2202+4216 (BL Lacertae), which was still suffering from the nπ
ambiguity at the lowest frequency (2.64 GHz).
Once the EVPA vs λ2 datasets were corrected, we performed a linear fit through the EVPA
measurements of each epoch. We consider as low significance those fits that used only two
EVPA measurements and of high significance the ones with 3 or more EVPA measurements.
The slope of the fitted lines are the RM calculated for each epoch and the point where they
pass through the y-axis is the corresponding zero-wavelength EVPA, χ0, or the EVPA of the
radio emission free of the Faraday rotation effect. The RM plots along with lightcurves of both
the RM and χ0 are given in Figures D.1 - D.15. In Table 4.5 we collect the median values of
the RMs and χ0 measured for all sources with at least one observing session with a 3-point fit.
In the same table, we provide the jet position angle on the plane of the sky, calculated as the
median of the various VLBI components position angles, given in Lister et al. (2013), for all
the available sources.
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Figure 4.8: Histograms of the magnetic field strength for sources with at least one |mc| data
point of high significance (signal-to-noise ratio ≥ 3). The plots have been truncated to 60 mG
to ease reading. There is one data point outside the given ranges for the 4.85 GHz data.
As a cross-check we compared our median RM values with the ones given in Taylor et al.
(2009) which were computed from the NVSS data. The comparison plot is shown in Fig. 4.9.
The RM differences between the two projects have a median value of 19.7 rad m−2. A Spear-
man ρ test reveals a very significant correlation (p = 2 · 10−5) of ρ = 0.63, suggesting a good
agreement between the two projects.
The physical interpretation of the RM
A histogram of the RM values we estimated for all sources is given in Fig. 4.10. The majority
of the estimated RM values lie in the range between± 100 radm−2. Those levels are consistent
with the interpretation that the Faraday effect mainly takes place in the magnetized plasma of
our Galaxy, since the observed rotation measures are similar to the galactic levels (Taylor et al.,
2009). In Fig. 4.11, we give a celestial map for the sources we estimated the rotation measure
in galactic coordinates and in Fig. 4.12 we plot the absolute rotation measure as a function of
the absolute galactic latitude, |b| for each source. We performed a Spearman ρ test for the latter
datasets which showed a very significant correlation of ρ = −0.58 with a 99.99 % confidence
level. This is in accordance with the assumption for the galactic origin of the rotation measure.
RM variability
We observe significant variability of the rotation measure which seems to be correlated with
the source variability. This fact is also the reason for the large errorbars in Fig. 4.9 which are
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Figure 4.9: Comparison between the rotation measure values estimated with our methodology
and the ones given in Taylor et al. (2009).
the standard deviations of the measured RMs for each source. If the above interpretation of
the galactic origin of Faraday rotation holds, this variability can be used as a powerful probe
to study the plasma content and magnetic field variations of our Galaxy with a high temporal
resolution. A careful inspection of our results showed a sudden increase of RM variability
when a number of sources showed transitions between the optically thick and thin regimes
of the synchrotron spectrum in their polarization characteristics (see also subsection 4.2.7),
e.g. J1512-0905, J2253+1608 (3C 454.3) and J1256-0547 (3C 279). If this is the case, RM
variability can be also an important diagnostic tool for the intrinsic physical properties of the
source, e.g. its opacity or the magnetic field geometry through the correlation of the jet position
angle, φjet, with the zero-wavelength EVPA χ0.
Table 4.5: The median values of the RMs and the χ0 values for sources with at
least one session for which a 3-point fit could be made. The second column gives
the number of sessions fulfilling the latter condition. The fifth column lists the jet
position angle on the plane of the sky as reported in Lister et al. (2013).
Source Nsign RM χ0 φjet
(rad m−2) (◦) (◦)
3C286 32 0.2 ± 0.3 32.9 ± 0.2 . . .
3C48 29 -64.9 ± 5.8 -60.5 ± 0.6 . . .
J0102+5824 11 -85.0 ± 39.0 90.4 ± 30.3 -147.7 ± 3.0
J0217+0144 10 -15.2 ± 18.5 19.9 ± 20.1 107.5 ± 0.9
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Table 4.5: continued.
Source Nsign RM χ0 φjet
(rad m−2) (◦) (◦)
J0221+3556 10 -84.0 ± 16.3 37.0 ± 4.4 . . .
J0237+2848 14 -52.2 ± 25.9 87.1 ± 22.9 -50.0 ± 2.2
J0324+3410 19 65.5 ± 17.5 30.6 ± 2.3 . . .
J0359+5057 16 15.7 ± 10.3 100.8 ± 6.2 100.0 ± 6.1
J0418+3801 9 -62.7 ± 9.8 -10.8 ± 5.1 65.9 ± 1.0
J0423-0120 17 -10.5 ± 37.6 79.2 ± 21.5 -157.5 ± 3.3
J0530+1331 17 66.5 ± 15.2 -34.6 ± 3.7 52.2 ± 2.7
J0721+7120 17 85.6 ± 536.9 -50.8 ± 82.8 18.8 ± 1.6
J0730-1141 9 93.4 ± 37.4 -28.8 ± 14.0 -72.8 ± 4.0
J0808-0751 5 -49.0 ± 14.6 61.6 ± 12.9 -29.7 ± 0.4
J0818+4222 9 -12.9 ± 57.3 -89.6 ± 51.8 100.2 ± 2.4
J0841+7053 15 1.7 ± 3.6 -81.4 ± 1.7 -145.4 ± 0.8
J0854+2006 22 44.7 ± 27.9 -53.5 ± 15.1 -113.0 ± 3.3
J0920+4441 11 2.1 ± 8.9 -60.9 ± 4.6 178.3 ± 1.2
J0958+6533 12 -12.2 ± 11.6 -3.2 ± 10.0 -37.9 ± 1.7
J1130-1449 21 17.8 ± 5.2 -28.0 ± 2.6 81.3 ± 1.0
J1159+2914 14 -45.2 ± 45.0 -227.5 ± 49.7 8.9 ± 1.8
J1217+3007 10 4.0 ± 4.7 53.6 ± 3.2 144.5 ± 0.2
J1229+0203 24 34.6 ± 10.2 -36.1 ± 2.8 -125.0 ± 3.0
J1256-0547 24 -35.3 ± 26.7 -33.7 ± 15.7 -124.0 ± 2.2
J1310+3220 14 -62.0 ± 23.7 47.7 ± 11.4 -58.8 ± 3.0
J1332-0509 6 9.5 ± 7.8 -74.4 ± 2.2 16.0 ± 0.4
J1504+1029 13 8.5 ± 7.5 23.3 ± 4.7 115.8 ± 1.3
J1512-0905 18 14.1 ± 25.0 37.7 ± 13.4 -32.3 ± 1.2
J1553+1256 7 -0.6 ± 15.4 88.0 ± 14.8 11.1 ± 0.8
J1635+3808 14 56.7 ± 47.4 -7.7 ± 39.2 -78.9 ± 3.1
J1642+3948 24 37.4 ± 11.6 40.3 ± 2.8 -88.6 ± 2.6
J1653+3945 16 12.8 ± 5.7 -13.7 ± 3.9 160.0 ± 3.2
J1733-1304 19 -47.6 ± 8.3 57.9 ± 4.6 7.7 ± 1.7
J1751+0939 24 63.6 ± 66.6 301.3 ± 33.8 17.6 ± 2.6
J1800+7828 13 -89.4 ± 21.1 -83.7 ± 21.8 -89.9 ± 1.2
J1849+6705 7 16.3 ± 236.7 -129.3 ± 39.6 -45.2 ± 0.7
J2025-0735 13 -71.3 ± 18.5 73.4 ± 11.7 -12.8 ± 0.4
J2147+0929 5 -25.1 ± 18.2 55.4 ± 6.8 78.5 ± 0.1
J2202+4216 28 -224.7 ± 7.6 16.0 ± 3.0 -171.0 ± 2.4
J2229-0832 10 6.1 ± 12.3 79.9 ± 10.2 -10.4 ± 1.4
J2232+1143 26 -79.1 ± 7.1 69.5 ± 4.5 152.2 ± 2.8
J2253+1608 28 -52.0 ± 13.9 17.8 ± 8.2 -76.8 ± 5.7
4.4 CORRELATION ANALYSIS
The linear and circular radio polarization datasets we have reduced as well as their derivative
quantities that we present in subsection 4.3 provide a unique framework to study the physical
parameters of AGN jets. In this section, we utilize the tool of correlation analysis to investigate
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Figure 4.10: Histogram of the rotation measure values estimated with our methodology.
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Figure 4.11: A celestial map of the sources for which we estimated the rotation measure in
galactic coordinates. The rotation measure is color-coded.
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Figure 4.12: The absolute rotation measure versus the absolute galactic latitude of our sources.
The Spearman ρ test results are shown on the side of the plot.
various relations between the observed characteristics of jets that can be used to probe the
underlying physical conditions and variability mechanisms that govern them.
4.4.1 EVPA versus AGN jet position angle
One of the usual applications of linear polarization studies for a variety of astrophysical
sources is the investigation of the magnetic field geometry at the emission region, (e.g.
O’Sullivan and Gabuzda, 2009b; Gabuzda et al., 2006). The probe used for such studies is
the EVPA and its orientation with respect to the local magnetic field according to theoretical
predictions (e.g. Lyutikov et al., 2005). In the case of the radio emission from AGN jets, the
emission is generated by the incoherent synchrotron mechanism, where the EVPA lies perpen-
dicular to the projected magnetic field on the plane of the sky when the emission is optically
thin and along that direction when it is optically thick (see also subsection 1.4). In order to set a
common reference frame for the observed AGN jets, we estimate the deviation of the measured
EVPAs with respect to the jet position angle (PA), given in Table 4.5. Furthermore, we perform
this analysis using the zero-wavelength EVPA, χ0, since it is corrected for the Faraday rotation
effect.
We performed this analysis for the 38 sources we have both the jet PA and χ0 available.
The results are shown in Fig. 4.13 where we plot the histogram of the alignment between χ0
and the jet PA (φjet). We can deduce from that plot that there is a slight bi-modality of χ0 to be
oriented either parallel or perpendicular to φjet with a preference to the latter. This means that
a poloidal component of the jet’s magnetic field is slightly dominant at the emission regions we
probe. The bi-modality of the distribution comes in agreement with the theoretical work in this
field, (e.g. Lyutikov et al., 2005). Of course the reader must be cautioned of (a) the bias of our
sample and (b) that this result refers to the population in hand and hence cannot be specified
for each source.
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Figure 4.13: Histogram of the alignment between the EVPA at zero-wavelength (χ0) and the
jet PA (φjet).
4.4.2 Linear versus circular polarization degree
Here we compare the linear and circular polarization degree for sources which are detected in
both modes. In Fig. 4.14 we plot the median ml against the median absolute mc for the 4.85
and 8.35 GHz datasets. Both plots were created by taking only high significance ml and mc
measurements. The errorbars in both plots give an estimate for the variability of each source
at the corresponding quantity since they are equal to the standard deviation of the significant
data points for that quantity over the observing period. Spearman ρ test shows a correlation
between the two for the 4.85 GHz data (excluding the outliermc data point at 2 %) of ρ = 0.32
with a 95 % confidence level. The corresponding dataset at 8.35 GHz shows no correlation
(confidence level 17 %).
Assuming that both the linear and circular polarization degrees are attributed to the intrinsic
synchrotron emission of the sources and not to propagation effects, we can calculate the linear
regression between the ml and mc and compare it with the predictions of synchrotron theory.
In order to take into account the errorbars in both x and y axes, we used the methodology
described in Akritas and Bershady (1996) (BCES method) to perform the linear regression
which gives:
ml = (13.3 ± 19.2) ·mc + (−2.2 ± 7.8) (4.7)
The errors of the fitted parameters are remarkably large due to the scatter of the data points
as it was also evident from the low Spearman’s ρ value. Nevertheless, the slope provides an
estimate for the relation between the observed ml andmc.
Using our Full-Stokes radiative transfer code, described in section 5.3, we examined the
theoretical predictions. According to synchrotron theory, the optically thin circular polariza-
tion degree, mc, has a frequency dependence of ν−0.5, while the linear polarization degree,
ml, is stable over frequency. This means that the ratio ml/mc is increasing with frequency.
Our calculations show that in the ideal case of a synchrotron emitting element with uniform
magnetic field, this ratio is ∼ 10 at the frequency of the order of a few tens of MHz, while at
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Figure 4.14: Median ml vs median absolute mc for the frequencies with available circular
polarization information. The Spearman’s ρ and p values are shown on the side of each plot.
the (observing) frequency of 4.85 GHz it is expected to be ∼ 230, i.e. one order of magnitude
larger than the observed.
One explanation of this discrepancy is that several depolarization effects like Faraday Ro-
tation or the non-uniformity of the magnetic field in the emission region can decrease the linear
polarization degree of the radiation much more than its circular one. The decrease of the lin-
ear polarization degree is supported by our observations (subsection 4.2.2), which show that
ml ≈ 3%, one order of magnitude less than the theoretical value of the ideal case described
above (ml ≈ 70%). The fact then that the observed ratio ml/mc is less than the one predicted
by theory supports our view that the circular polarization degree is not decreased as much as
the linear one. This means that circular polarization “survives” better the radiation propaga-
tion through the tangled magnetic field of the emitting region and other magnetized plasma
clouds which may lie between the source and the observer. This makes circular polarization
observations a direct probe of the emitting region.
Finally, the fact that there is no evident correlation between the observed ml and mc at
8.35 GHz is not necessarily contradicting the above interpretation. One possible explanation is
that themc we observe at 8.35 GHz is not attributed (only) to the intrinsic synchrotron emission
but also to certain propagation effects, like circular repolarization, which predict the observed
lack of correlation betweenml andmc (see also subsection 1.4.4).
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4.4.3 Linear and circular polarization versus RM
In Figures 4.15 and Fig. 4.16, we plot the median ml and the median absolute mc against
the estimated absolute rotation measure values for our sources. We have considered only the
data points with absolute RM less than 200 rad m−2. Faraday rotation theory predicts an anti-
correlation of the observed ml and the RM if the effect is taking place in the source (internal
Faraday Rotation) due to differential rotations of the EVPAs for radiation emitted at the same
frequency but different depths. If not, the Faraday rotation effect is taking place mainly exter-
nally to the source in a magnetized plasma region along the light path.
For the ml data, we observe a slight anti-correlation with RM only at the the lowest ob-
serving frequency with confidence level of 91 %. For the higher frequencies, no correlation
is found. This result suggests that at the lowest frequencies we may be affected by internal
Faraday rotation in the vicinity of the emitting region, while at the higher ones, the observed
RM is caused by external Faraday rotation, possibly due to the low energy magnetized plasma
content of our Galaxy as found also in subsection 4.3.2. The fact that we may observe internal
Faraday rotation at the lowest frequency may be an indication of the presence of low energy
plasma at the outer parts of the AGN jets where this emission is mainly coming from.
For the mc data, we don’t get a significant correlation or anti-correlation with RM. The
fact that mc is not correlated with RM, speaks in favor of the observed mc being intrinsic
to the synchrotron emission. If it were created by propagation effects it would require low
energy magnetized plasma which would cause also the observed Faraday rotation. This fact is
in accordance with the findings of subsection 4.4.2.
Jet plasma composition
In the light of the previous discussion one can argue that the magnetic field strengths calculated
in subsection 4.3.1 are direct estimates of the magnetic field at the emission region, under the
assumption that the emitting plasma is purely consisting of electrons. We can compare these
values with the ones predicted by theory under the same assumptions. If the measured mc is
less than expected, we can attribute this discrepancy to the presence of positrons in the emitting
plasma particles which lower the emitted circular polarization due to their reverse rotation in
the source’s magnetic field.
Finally using the theoretical predictions, we can estimate the ratio of electrons to positrons
we need to have in the emitting region to get the observed mc values. This ratio is usually
expressed as by the lepton number
ℓ =
n− − n+
n− + n+
(4.8)
(Homan et al., 2009) with n− and n+ the electron and positron number density respectively.
In this case the observed mc is proportional to ℓ, which makes the magnetic field strength
proportional to ℓ2. Since we considered only the median of the absolute mc to estimate the
magnetic field strength, we cannot discern between electron or positron dominated plasmas but
we can estimate the absolute value of number ℓ. For example, if we assume that theory predicts
a magnetic field strength of 10 – 100 mG for an electron plasma (O’Sullivan and Gabuzda,
2009a), and we observe a median value of∼ 3mG at 4.85 GHz (subsection 4.3.1), we calculate
that |ℓ| ∼ 0.2 – 0.5. This lepton number range shows that for every particle of one population
there are 1.5 – 2 particles of the other (electrons or positrons). In other words, the admixture
of positrons in electron-dominated jet plasmas or electrons in positron-dominated ones is∼ 33
– 40%.
4.4.4 Polarization degree versus low and high frequency emission characteristics
The AGN jet emission is extremely broadband and contains two dominant components. The
low frequency component is attributed to the incoherent synchrotron emission mechanism
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Figure 4.15: Median ml versus RM. The Spearman’s ρ and p values are shown on the side of
each plot.
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Figure 4.16: Median absolutemc versus RM. The Spearman’s ρ and p values are shown on the
side of each plot.
while the details of the physical processes which produce the high frequency one is an active
field of research (see also subsection 1.1.3). Here we seek some phenomenological correlations
between the radio linear and circular polarization characteristics and those broadband emission
components. We investigate their correlation with the peak frequency of synchrotron emission
as well as the γ-ray energy flux as representative quantities of the two emission components.
Polarization degree versus γ-ray energy flux
In Figures 4.17 and 4.18, we plot of the medianml and absolute mc values against the gamma
ray energy flux, taken from the 2FGL catalog (Nolan et al., 2012). On the side of each plot, we
give the estimated Spearman ρ and p values as an indication for the goodness of the correlation.
There seems to be an anti-correlation of ml and the γ-ray energy flux which becomes more
significant for the 8.35 GHz data with corresponding ρ = −0.25 at a confidence level of 96 %.
The Spearman ρ test results show no clear correlation between the median absolutemc and the
γ-ray energy flux. These results can be tested against the competing theoretical predictions for
the high-energy emission of AGN jets.
Polarization degree versus synchrotron peak
In Figures 4.19 and 4.20 we plot the median ml and absolute mc values against the logarithm
of the peak frequency of for the synchrotron part of the source SED, νs, taken from the 3LAC
catalog (Ackermann et al., 2015). We performed Spearman ρ tests to quantify the correlations.
There only significant anti-correlation is found for the 4.85 GHz ml data with ρ = −0.35 at
a confidence level of 96 %. This anti-correlation shows that the linear polarization degree is
increased for sources with synchrotron peaks close to the lower part of the spectrum which we
probe with our observations.
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Figure 4.17: Medianml versus γ-ray energy flux.
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Figure 4.18: Median absolute mc versus γ-ray energy flux.
4.4.5 Polarization characteristics and source type
We performed a population study for the polarization characteristics and their derived quan-
tities described in the previous sections for two of the major populations of the AGN family,
those known as Flat Spectrum Radio Quasars (FSRQs) and BL Lac objects. We quantified
this comparison by performing a Kolmogoroff-Smirnov (KS) test. The results are shown in
Table 4.6.
We find that there is no significant difference between FSRQ and BL Lac populations
in the majority of the characteristics we tested. The only two parameters for which the two
populations were found to be different at are the magnetic field magnitude at the observing
frequency of 4.85 GHz and the χ0 vs φjet alignment with confidence levels of 98 and 97 %.
The latter is also clearly discerned from Fig. 4.13, where BL Lac objects peak at 0◦ and FSRQs
at 90◦. This preference of the BL Lac EVPA values to be aligned with the jet position angle
is also reported in Agudo et al. (2014). Furthermore, the fact that the two populations don’t
differ in most of their physical characteristics can also be discerned from the majority of the
plots shown in this chapter where FSRQ sources are denoted with red and BL Lac ones with
blue color.
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Figure 4.19: Medianml versus logarithm of the peak frequency for the synchrotron part of the
sources’ SED.
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Figure 4.20: Median absolute mc versus logarithm of the peak frequency for the synchrotron
part of the sources’ SED.
Table 4.6: Table with the statistical moments (descriptive statistics) and KS test
results for the different physical characteristics of FSRQs and BL Lacs
x Freq. Type N x˜ 〈x〉 σx min max KS-test
(GHz) D p
ml (%) 2.64 FSRQ 42 2.6 3.0 1.7 0.6 7.9 0.20 0.69
BL Lac 17 2.2 3.1 2.4 0.9 10.6
ml (%) 4.85 FSRQ 38 2.7 2.9 1.4 0.8 6.2 0.16 0.89
BL Lac 16 2.4 3.3 2.1 1.3 8.9
ml (%) 8.35 FSRQ 42 2.3 2.7 1.5 0.8 7.6 0.26 0.36
BL Lac 17 2.9 3.6 2.4 1.1 10.2
ml (%) 10.45 FSRQ 35 2.6 2.8 1.2 0.9 8.0 0.24 0.54
BL Lac 14 2.7 3.7 2.3 1.6 8.9
mc (%) 4.85 FSRQ 25 0.3 0.4 0.2 0.1 0.8 0.44 0.14
BL Lac 8 0.4 0.6 0.5 0.3 2.0
mc (%) 8.35 FSRQ 29 0.4 0.5 0.2 0.2 1.2 0.22 0.80
BL Lac 10 0.5 0.5 0.1 0.3 0.8
B (mG) 4.85 FSRQ 15 1.3 2.2 1.7 0.7 7.4
0.65 0.02
BL Lac 7 6.3 7.1 5.1 1.4 17.9
B (mG) 8.35 FSRQ 17 6.2 8.5 8.7 1.6 40.3
0.32 0.56
BL Lac 8 6.1 24.9 35.4 2.2 112.2
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Table 4.6: continued.
x Freq. Type N x˜ 〈x〉 σx min max KS-test
(GHz) D p
|RM| ( radm2 ) . . . FSRQ 27 34.6 35.1 27.1 0.6 93.4 0.34 0.40
BL Lac 8 28.8 60.8 69.6 4.0 224.7
|χ0-φjet| (◦) . . . FSRQ 27 71.2 68.2 22.3 0.8 89.7 0.55 0.03
BL Lac 8 22.2 35.3 31.2 6.2 89.1
4.4.6 Polarization degree and flux density state
As a last study, we compare the polarization degree when the sources are in “quiescent” as well
as “flaring” states. The comparisons are shown forml and the absolute mc in Figures 4.21 and
4.23 respectively.
The ml plots show more points below the x = y line for all the observing frequencies but
the 10.45 GHz ones. This means that when the the total flux density peaks, the polarized flux
density usually stays at a low state. One interpretation that can explain this behavior is that
the total flux density increase at the lower frequencies is mainly caused by synchrotron self
absorbed (SSA) spectra which approach that frequency range from their optically thick regime
side, i.e. from higher frequencies. A back-of-the-envelope calculation predicts a decrease of
ml when an optically thick part of an SSA spectrum which can cause the total flux density
increase is added to an optically thin SSA spectrum, possibly attributed to a “quiescent” state
large scale jet. This interpretation is also supported by the reverse picture we see at the highest
frequency (10.45 GHz) where it seems that – at least for 50% of the times – the total flux
density is increased by a flux component which has high linear polarization degree and thus it
is most likely attributed to the optically thin part of an SSA spectrum.
For the absolute mc data the situation looks slightly more “balanced”. Contrary to the
ml results, the total flux density increase seems to be concurrent with a respective circularly
polarized flux increase for half of the sources.
In any case, the increase in total flux density is caused by a non-thermal emission element
independently of its optical depth. This is supported by the information presented in Figures
4.22 and 4.24 where we plot the linearly and circularly polarized flux density at the high versus
low total flux density state, respectively. The number of data points above the x = y line is
more than the ones below, indicating that the polarized flux density is usually increased during
the flaring state.
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Figure 4.21: ml at maximum versus ml at minimum total flux density. The number of data
points above and below the x=y line are given in the top left and bottom right parts of the plots
respectively.
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Figure 4.22: Πl at maximum versus Πl at minimum total flux density. The number of data
points above and below the x=y line are given in the top left and bottom right parts of the plots
respectively.
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Figure 4.23: Absolute mc at maximum versus mc at minimum total flux density. The number
of data points above and below the x=y line are given in the top left and bottom right parts of
the plots respectively.
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Figure 4.24: Absolute Πc at maximum versus Πc at minimum total flux density. The number
of data points above and below the x=y line are given in the top left and bottom right parts of
the plots respectively.

Chapter 5
Full-Stokes radiative transfer
modelling of shocked jets
Abstract
In this chapter we study the pronounced variability of AGN jets. This variability
often follows repeating patterns in the Fν–ν domain which agree with the predictions
of the “shock-in-jet” model. Our observations revealed also the coordinated changes of
the polarization characteristics which mark the transitions between the optically thick and
thin regimes of synchrotron emission. Assuming that these transitions are due to the
optical depth evolution of the propagated shocks, we use a radiative transfer code to to
emulate them and reproduce the variability observed in all Stokes parameters in the case
of the prototype source 3C 454.3. This approach resulted in a number of estimates for the
physical conditions of this jet, like its particle number density, magnetic field coherence
length and Doppler factor.
5.1 INTRODUCTION
AGN jets show pronounced total flux and polarization variability over a broad energy range
as well as a wide range of timescales spanning from minutes to years, (e.g. Aller et al., 1999;
Quirrenbach et al., 1992). As we discuss in Chapter 4, it is not surprise that this phenomenol-
ogy dominates also the F-GAMMA data set. Here we focus on the details of the variability
characteristics we observe both in total flux density as well as linear and circular polarization in
order to recover physical parameters for the emitting elements and thus the observed sources.
We developed a computer code which is based on the theoretical framework of propagating
shock fronts downstream the jet as the underlying mechanism for the observed variability. The
theoretical mechanism has been introduced byMarscher and Gear (1985). Our code is based on
earlier works which developed similar codes, primarily the work of Hughes et al. (1989a). The
aforementioned “shock-in-jet” model has been successfully tested in several cases to mostly
explain the total flux density variability patterns observed in AGN jets, (e.g. Hughes et al.,
1989b; Aller et al., 2014; Hughes et al., 2015). The main goal for our study is to reproduce the
behavior we see both in linear and circular polarization. Such a model can then be utilized to
estimate physical parameters of AGN jets, simply by a parameter space survey.
5.2 RADIO VARIABILITY OF AGN JETS
The variability of AGN jets in the radio band has been studied in detail since the 1960s, (e.g.
Pauliny-Toth and Kellermann, 1966). Generally, it spans across the whole radio window and
becomes more pronounced at higher frequencies in the mm and sub-mm wavelength range. An
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Figure 5.1: An example of the variability seen in radio bands. Broad band radio SEDs observed
over a period of more than 45 years of the FSRQ 3C 454.3. Data obtained by the NED online
database.
example is shown in Fig. 5.1, where we plot the flux density, Fν , as a function of the observing
frequency, ν, of the FSRQ 3C 454.3 for data obtained over a period of more than 45 years and
retrieved from the NASA/IPAC Extragalactic Database (NED).
The defining property of blazars is the rather small angles of the jet axis to the line of
sight. Using the variability Doppler factors from Hovatta et al. (2009) and the median values
of the apparent speeds for a number of identified jet emission components with the MOJAVE
monitoring program from Lister et al. (2013), we calculated a median viewing angle of 5.3◦
for the blazar 3C 454.3. This suggests that the radio observations are dominated by the boosted
jet emission as a result of the relativistic aberration and time dilation effects. Thus, we believe
that the observed variability is the manifestation of variable emission components located in the
AGN jet as discussed below. In certain cases, these components can be resolved and identified
by high angular resolution observational techniques like VLBI.
Similar variability patterns – as the example in Fig. 5.1 – are observed for all blazar sources
in different timescales and frequency ranges (e.g. Angelakis et al., 2012). Using high cadence,
multi-frequency datasets as the ones of the F-GAMMA program, we can decompose the spectral
shape of the flux density into its main constituents. The first one is a stable steep power-
law spectrum, usually attributed to the optically thin incoherent synchrotron emission of the
“quiescent” AGN jet flow. The typical value for the index of this spectral component is of
the order of α ≈ −0.7 (defined as Fν ∝ να) and it should also show high linear polarization
degree (see also subsection 1.4). We believe that this component is observed at the lowest
frequencies in Fig. 5.1 because they show the most stable behavior. A power-law fit for the
data points with frequency values up to 108 Hz yields an index of −1.1± 0.2 which is close to
the typical value.
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Figure 5.2: Multi-frequency radio variability pattern of the blazar 3C454.3. Data obtained
by both the NED online database and the F-GAMMA monitoring program are plotted. F-
GAMMA data are shown by connected lines which mark spectral “snapshots” of the source with
coherency time of∼ 3 days. The highlighted spectral “snapshots” are given to demonstrate the
spectral variability pattern of the source.
The second constituent is thought to be causing the increased spectral variability at the
highest frequencies. The details of its emission are difficult to be discerned from plots like the
one of Fig. 5.1 which do not show (quasi-)simultaneous data points. Temporal information is
essential in order to illuminate the spectral evolution of the observed sources, especially the
ones which evolve rapidly.
In Fig. 5.2, we overplot the 3C 454.3 data taken from the F-GAMMA monitoring program
to the ones shown in Fig. 5.1. This time, we use the temporal information from the F-GAMMA
program to connect the data points with lines to show different “snapshots” of the source. Data
points connected by one line are coherent in time within ∼3 days. We have highlighted a
small number of consecutive spectra to show the typical variability cycle that they follow in
the Fν–ν plane. Such variability cycles are common among blazars and they are recorded by
the F-GAMMA program both in time and in frequency.
The most common interpretation is that the variability is caused by evolving synchrotron
self-absorbed (SSA) spectral components which propagate through the radio bands as they
evolve. Such spectral components can be attributed to individual, confined plasma clouds of
high particle density or magnetic field strengths as compared to the “quiescent” large scale
plasma flow of an AGN jet. Such emitting components are also associated with localized emis-
sion elements seen in VLBI maps. Their creation and evolution is an active field of research.
Some theoretical predictions attribute them to evolving small scale instabilities either at the on-
set of the flow or further downstream, (e.g. Blandford and Konigl, 1979; Lind and Blandford,
1985). Independently of how they are formed, these plasma clouds exhibit a convex SSA spec-
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Figure 5.3: The evolutionary stages of the SSA spectrum emitted by the high energy plasma
cloud which is formed in the AGN jet and evolve according to the "shock-in-jet" model. Figure
taken from Turler (2010)
trum. The peak frequency of this spectrum corresponds to an optical depth of the emitting
cloud of about 1 and depends on its magnetic field strength and particle density (see also sub-
section 1.2.4). In the general case, this spectrum evolves in the Fν − ν plane. Several physical
processes are believed to be driving this evolution. Adiabatic expansion of the corresponding
plasma cloud as it travels downstream the jet flow may be the dominant mechanism inducing a
number of effects among which the optical depth evolution.
5.2.1 The shock-in-jet model
One of the most successful theoretical frameworks developed to extract physical characteristics
of jets from the total flux variability studies is the “shock-in-jet” model (Marscher and Gear,
1985). It was introduced to improve previous models that rely merely on the role of the adia-
batic expansion of high energy particle clouds, (e.g. Van der Laan, 1966). Those models could
not reproduce the observed spectral evolution at its initial evolutionary stages (i.e. the onset
of the variability event). Apart from its ability to reproduce the total intensity evolution, the
“shock-in-jet” model has been used to provide the framework for explaining the behavior of
the linear polarization variability in jets, (e.g. Hughes et al., 1989a). For all these reasons we
selected to adopt this model for our investigations.
According to the shock-in-jet model (Marscher and Gear, 1985; Turler, 2010) the evolution
in the Fν − ν plane happens in three stages which are also shown in Fig. 5.3:
• First, the maximum of the SSA spectrum increases in flux while drifting towards lower
frequencies. Practically, unless a fine – and possibly very specific – tuning of the in-
volved parameters is assumed, adiabatic expansion alone fails to reproduced this stage
(Marscher and Gear, 1985). The “shock-in-jet” model predicts that during this stage, the
emitting cloud is losing energy by the Compton scattering mechanism. Thus it is termed
as “the Compton stage”.
• Later, the peak of the SSA spectrum moves almost horizontally towards the lower fre-
quencies. At that stage, the cloud of particles is losing energy due to its own synchrotron
emission only and it is termed “the Synchrotron stage”.
• Finally, during the last part of the spectral evolution, the peak of the SSA component
deceases in both flux density and frequency. This part of the evolutionary path is eas-
ily reproduced by a simple adiabatic expansion of the emitting cloud of particles, (e.g.
Van der Laan, 1966; Pauliny-Toth and Kellermann, 1966). Thus the dominating energy
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loss mechanism this time is the adiabatic expansion and this part is known as “the Adia-
batic stage”.
The several characteristics and the plurality of phenomenologies are then easily explained
with reoccurring activity of such events so that at any given time the observer sees the super-
position of events, each one at a different evolutionary stage. In the general case, the physical
characteristics of the clouds that produce each event can differ. Thus, the plurality and com-
plexity of the observed variability cycles maximizes even in the same source.
5.2.2 The evolutionary path signature in the polarization characteristics
Since we observe the spectral variability cycle for a large number of sources, and we know
that the polarization characteristics of an SSA component are different between its optically
thick and thin regimes (see also subsection 1.4), we expect to observe these discrepancies
when the evolving SSA component passes through our observing bandpass (2.64 – 143 GHz).
These changes are expected at specific instances that correspond to certain optical depths of
the emitting region according to theory (see also subsection 1.4.1 and Pacholczyk, 1977).
Specifically, as the component transverses from the optically thick to the thin regime we expect
to observe:
1. First a minimization of the linear polarization degree, concurrent with an EVPA rotation
of exactly 90◦. After that point, the linear polarization degree should obtain gradually
its optically thin value which is usually much larger than the optically thick one. In the
ideal case of an SSA emitting cloud of particles embedded in a uniform magnetic field,
this is expected to happen when the optical depth of the emitting region is ∼ 7 and the
linear polarization degree in the optically thick and thin regimes are ∼ 10% and ∼ 70%.
respectively (subsection 1.4.1).
2. Soon after that, we expect to observe the minimization of the circular polarization degree,
followed by a change in the circular polarization handedness. In the ideal case described
above, this is expected to happen when the optical depth of the emitting region is ∼ 5.
3. The last step of this characteristic signature is the maximization of the total flux when
the peak of the SSA spectrum matches the observing frequency.
The “signature” described above has been observed in our polarimetric datasets for at least a
few of our sources. For example, in Fig. 5.4, the data set of 3C 454.3 shows at MJD ∼ 55650
and 56350, two EVPA rotations of exactly 90◦ are concurrent with a minimization of the linear
polarization degree at the corresponding observing frequencies and an indication of a change
in the handedness of the circular polarization is evident close to those dates.
Such among other indications motivate attributing the observed variability, in both total
flux density and polarization, with the shock-in-jet model. We use its predictions to investigate
the physical characteristics of the emitting plasma elements (clouds) which cause the spectral
evolution. We do that by utilizing a computer code we developed which is described in detail
in the following section.
5.3 FULL-STOKES RADIATIVE TRANSFER CODE OF SHOCKED JETS
After the discovery that the series of events described in subsection 5.2.2 are observed for a
number of sources in our polarimetric datasets, we initiated the construction of a computer code
which would be assigned the task to reproduce the observed variability based on the theoretical
framework described in subsections 5.2.1 and 5.2.2. One of the requirements of this attempt
was to reproduce the spectral behavior assumed by Marscher and Gear (1985) by evolving only
the physical characteristics of the emitting region according to a physical model, rather than
assuming any ad hoc evolutionary path during this process. The reason for this approach is
that it would allow us to understand directly the physical parameters that affect the spectral
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Figure 5.4: Full-Stokes lightcurves for the blazar 3C 454.3. From top to bottom we plot:
Stokes I at 2.64, 4.85, 8.35, 10.45 and 14.6 GHz; the degree of linear polarization ml; the
linear polarization angle (EVPA); the degree of circular polarization mc and the spectral index
at two overlapping bands: 4.85, 8.35, 10.45 (red) and 8.35, 10.45, 14.6 GHz (blue). In the
Stokes I , ml and EVPA plots, we have included the information at 15 GHz, taken from the
MOJAVE monitoring program.
shape and evolution. Thus, we developed our own computer code based on the one described
in Hughes et al. (1989a).
5.3.1 A short overview of the code
This code emulates the emission in terms of all four Stokes parameters (I , Q, U and V ),
for regions in AGN jets which we observe at the radio frequencies at their “quiescent” state.
Furthermore, by using a set of known jump conditions, valid for relativistic shock fronts, the
code calculates the corresponding emission for shocked regions in the jet which propagate
downstream the “quiescent” flow in predefined time steps. These jump conditions are the rela-
tivistic limit of the Rankine-Hugoniot relations of non-relativistic shock fronts. These relations
prescribe the sudden changes of the physical characteristics (density, magnetic field, spectral
index) between the shocked and unshocked parts of the flow. As the shock travels down-
stream, it changes the local physical characteristics of the jet and this change is imprinted on
the emitted spectrum which follows the shock evolution. The spectra are obtained by solving
the full-Stokes radiative transfer problem for radiation emitted and propagated across the jet.
5.3.2 The building blocks of the modeled jet
The emulated part of the AGN jet is constructed as a set of homogeneous relativistic plasma
cells. Since the large scale magnetic field of AGN jets is considered to be highly non-uniform
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(Jones et al., 1985), the cell size is equal to the maximum scale that would still allow the (local)
magnetic field to be uniform, termed here as the coherence length of the jet magnetic field.
Each cell is filled with particles with power-law energy distribution:
n(γ)dγ = n0γ
−δdγ , γ > γi (5.1)
where,
γ the lorentz factor for the emitting particles of energy E = γmc2
n(γ) the number of particles with lorentz factor, γ
n0 the number density normalization factor
γi the low-energy cut-off of the emitting particles
δ the power-law index of the energy distribution
We specify that the number density normalization factor, n0, is set individually for each cell
according to the local jet conditions. In our case we consider that there is a density gradient
along the jet axis described by Eq. 5.6. The physical conditions of each cell then, i.e. relativistic
plasma embedded in a uniform magnetic field, are enough for it to emit an SSA spectrum with
the theoretical linear and circular polarization characteristics (see also subsection 1.4).
5.3.3 Full-Stokes radiative transfer
The Stokes parameters of each cell are calculated at a predefined set of frequencies using the
full-Stokes radiative transfer solutions given in Jones and Odell (1977); Hughes et al. (1989a).
These solutions contain coefficients which affect the Stokes parameters emerging from each
cell. These coefficients are:
1. Emission and absorption coefficients of the four Stokes parameters. These are used to
calculate the emission of each Stokes parameter which depends on the physical char-
acteristics of the emitting plasma as well as the emitted frequency. These coefficients
depend mainly on the particle density in the emitting cell, the magnetic field strength
and the angle between the magnetic field vector and the line of sight (LoS). These pa-
rameters define the location of the peak of the emitted SSA spectrum in the Fν − ν
plane. The total flux density as well as the linear and circular polarization characteris-
tics we finally observe depend on the value of the observing frequency relative to that
position.
2. Faraday rotation coefficient. This coefficient do not affect the total emission but only the
polarized one. It is attributed to the Faraday rotation effect which may occur in magne-
tized plasmas (see also subsection 1.4.2). Faraday rotation is the rotation of the plane of
linear polarization due to the the material birefringence between the two circularly po-
larized normal modes, the left handed (LHC) and the right handed circular (RHC) one.
The normal modes are valid solutions of the Maxwell’s equations for the propagating
plane electromagnetic waves only in the case that the energy distribution of the cell par-
ticles is extended towards the lower energies (γi ≈ 10 – 100) or if there is significant
presence of non-relativistic (cold) particles in the jet plasma. Under these conditions,
the Faraday rotation coefficient becomes significant and the plane of linear polarization
is rotated when the emission is propagated through the cell, i.e. Stokes Q is transformed
into Stokes U and vice versa.
3. Faraday conversion coefficient. The Faraday conversion effect is responsible for the
inter-conversion of linear and circular polarization due to the birefringence of magne-
tized plasma between two linearly polarized normal modes. These normal modes are
valid in the case of relativistic plasmas which is usually the case for AGN jets. When
the Faraday conversion coefficient becomes significant, it may increase the amount of
circular polarization (Stokes V ) that emerges from the emitting cell.
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Figure 5.5: The broadband total flux and polarization characteristics of a synchrotron self-
absorbed (SSA) emitting modelled cell as generated with our code. The linear and circular
polarization degrees, ml andmc, are normalized to 1.
The radiative transfer equations take also into account the emission incident to the cell
which can be affected by the physical characteristics of the emitting cell, for which they are
solved. As an example, we show the broadband picture of the Stokes parameters and the
polarization characteristics for radiation emitted from a cell of high energy plasma in Fig 5.5.
The physical parameters we selected to generate these plots are:
• Particle number density normalization factor, n0: 10 cm−3
• Linear scale of the emitting region: 1014 cm
• Magnetic field strength: 5 mG
• Angle θ between the magnetic field direction and the LoS: 135◦
• Angle φ between the projection of the magnetic field direction on the plane of the sky in
the EVPA reference frame, N – E: 90◦
• Index of the power-law energy distribution of the emitting particles: δ = 2.4
• Low energy cut-off of the emitting particles: γi = 104
• Incident Stokes vector: I0 = Q0 = U0 = V0 = 0
5.3.4 Emulating the jet
As discussed above, the notion of cells is introduced because observations of extragalactic
jets indicate that their (large scale) magnetic fields are non-uniform (Jones et al., 1985). This
interpretation is discerned by the low levels of linear polarization degree we observe for these
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sources, at least during their “quiescent” state. Thus, we assume that the modeled jet is an
ensemble of cells with uniform magnetic field components which are randomly distributed
in space. The magnetic field orientations are selected using a random number generator to
decrease the uniformity of the total magnetic field and lower the linear polarization degree
level to the observed values of ∼ 3% (see also Chapter 4). Theory predicts that the number
of cells, N , is connected with the observed total linear polarization degree, ml, through the
relation
ml ≈ m
th
l√
N
(5.2)
where mthl is the theoretical value of ml. Thus, if m
th
l = 70%, in order to observe ml ≈ 3%
we need to introduce ∼ 540 cells.
The cells are organized in slabs of increasing radius which are finally arranged in a row to
form the modeled jet. All slabs have the same number of cells and the overall jet geometry is
dictated by the following formula
r = r0
(
d
d0
)p
, di < d < df (5.3)
where,
r the slab radius. r0 is the radius of first slab of the jet, located at the fiducial
distance d0
d the distance along the jet, measured from d0
p the index that defines the jet shape
For example, for a conical jet, p = 1 and for a parabolic one p = 0.5.
For an expanding jet, the magnetic field strength decreases as we move downstream. The
prescription for that is
B = B0
(
r
r0
)−q
(5.4)
where,
B the magnetic field strength at a slab of radius r
q the index to quantify the magnetic field strength decrease along the jet axis
Assuming an adiabatically expanding flow, the perpendicular component of the magnetic field
with respect to the jet axis, decreases as B⊥ ∝ r−1 and the parallel one as B‖ ∝ r−2, so that
generally we expect q > 1 (Hughes et al., 1989a). Furthermore, if we want to increase the
alignment of the “quiescent” state EVPA with the direction perpendicular to the jet axis (see
subsection 4.4.1), we have implemented the option to add a uniform magnetic field component,
parallel to the jet axis and of magnitude ǫB ·B with ǫB ≪ 1.
The assumption of adiabatic expansion for the flow dictates the relation between the plasma
density normalization factor and the low-energy cut-off of the emitting particles and the loca-
tion along the jet axis. These quantities are calculated using
γi = γi0
(
r
r0
)−2/3
(5.5)
where,
γi the low-energy cut-off of the emitting particles and
γi0 the same cut-off for the paricles located at the ficucial distance d0
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Figure 5.6: A modeled jet profile. The density gradient along the jet axis is demonstrated by
the greyscale shading of the cells. The blue arrows show the projection of magnetic field on the
plane of the sky. The radius and distance along the jet are expressed in arbitrary units (a.u.).
and
n0 = n00
(
r
r0
)−2(δ+2)/3
(5.6)
where,
n0 the local number density normalization factor of the emitting particles
n00 the number density normalization factor for the paricles located at the ficu-
cial distance d0
δ the index of the power-law energy distribution of the emitting particles
As an example, we show in Fig. 5.6 a realization of the modeled jet at its “quiescent” state.
This realization was modeled using the following set of parameters.
• d0 = 1 (arbitrary units)
• p = 0.5
• Slab thickness ∆d = 0.1 (arbitrary units)
• B0 = 5 mG
• q = 1.5
• ǫB = 0.2
• γi0 = 10
4
• n00 = 10 cm
−3
• δ = 2.4
5.3.5 Relativistic shock jump conditions
As mentioned above, our code is following the model described in Hughes et al. (1989a). Ac-
cording to their approach, as the shocks travel downstream, they modify the local physical
conditions of the flow. The main modifications they cause, are:
• The low energy cut-off of the particle energy distribution increases. An adiabatic com-
pression changes the local γi to γi k−
1/3, where k is the compression factor. This factor
is defined as the unit length at the direction of compression, which is reduced to length
k (Hughes et al., 1985).
• The number density of the emitting particles is increased from the local n0 to
n0 k
−(δ+2)/3, where δ is the index of the power-law energy distribution of the emitting
particles.
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• The magnetic field components perpendicular to the compression direction are increased
by a factor of 1/k, while the one parallel to that remains unchanged. Assuming that
the compression is always perpendicular to the jet axis, the magnetic field components
that increase are the ones perpendicular to that direction. This phenomenon has two
consequences:
1. The first is the increase of the magnetic field uniformity (perpendicular to the
source axis) which causes in turn an increase of the observed linear polarization
degree. The observed linear polarization degree in this case is a function of the
compression factor, k, and the angle between the LoS and the compression plane,
φ, and it is given by
ml =
δ + 1
δ + 73
(1− k2) cos2 φ
2− (1− k2) cos2 φ (5.7)
where,
δ the index of the powel-law particle energy distribution
In Fig. 5.7, we plot the linear polarization degree against φ and k for various com-
binations of the two.
2. The second is the sudden increase of the magnetic field strength for the shocked
part of the flow.
The magnetic field compression induced by the shock, is manifested through the displace-
ment of the emitted SSA spectrum towards higher frequencies. At the same time, it also im-
poses a drift of the SSA spectral component towards higher flux densities. As the traveling
shock passes through regions of the jet with different physical characteristics, the SSA compo-
nent of the shocked flow evolves, moving in general towards lower flux densities and frequen-
cies. The parameters of our model can be adjusted then to emulate the evolutionary path of the
“shock-in-jet” model as described in subsection 5.2.1.
Finally, the Stokes parameters of the modeled jet are estimated by integrating the ones that
emerge from the side of each slab, i.e. perpendicular to the flow axis at the co-moving reference
frame of the flow. With this approach, we assume that:
• the shocked and unshocked parts of the flow have (almost) the same Doppler factors and
thus, also the same relativistic aberration angles
• the source is observed at the critical angle ψcrit ∼ arcsin (1/Γ), where Γ is the Lorentz
factor of the jet’s downstream velocity.
5.4 A STUDY CASE: THE BLAZAR 3C 454.3
The first source for which we tried to reproduce the observed behavior both in total flux and
polarization, using our code is 3C 454.3. In the following paragraphs we describe the method-
ology we followed and give the first results of our study.
5.4.1 Constraining the jet physical size
First, we need to estimate the physical size for the cells of our modeled jet. We can get an
impression of this scale, using VLBI maps. A close inspection of the available MOJAVE
monitoring data1 (Lister et al., 2009) revealed that the majority of the observed emission is
coming from the inner part of the jet, its core, which spans over a region of about 19 pc. This
size corresponds to ∼ 850 pc after correcting for projection effects, using a viewing angle of
1.3◦ (Hovatta et al., 2009). Nevertheless, this size is comparable to the map beam size, thus
we consider it as an upper limit for the size of our modeled jet.
1http://www.physics.purdue.edu/MOJAVE/
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Figure 5.7: The dependence of the linear polarization degree ml for an optically thin, syn-
chrotron emitting compressed plasma cell with tangled magnetic field as a function of the
compression factor, k, and the angle between the line of sight and the compression plane, φ
(Hughes et al., 1985).
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5.4.2 Constraining the particle number density
Next, we want to estimate the particle number density normalization factor, n00, which is
needed to model the density gradient of the jet according to Eq. 5.6. This parameter can
be estimated from the magnetic field strength and the jet size upper limit we calculated in
the previous subsection (5.4.1). The magnetic field strength can be estimated by our circular
polarization observations as discussed in subsection 4.4.2. Using the values we calculated in
subsection 4.3.1, we estimate a magnetic field magnitude of ∼ 3 mG for 3C 454.3. In order
to estimate then the parameter n00, we ran our computer code several times using different
values in the range of a few to a few hundred particles per cubic cm and tried to reproduce the
observed flux of the jet at its “quiescent” state. Using the 14.5 GHz data as a pivot frequency,
we managed to reach the observed flux density levels of ∼ 4 – 5 Jy with number densities of
∼ 10 – 102 cm−3.
5.4.3 Constraining the number of cells
The next step was to set a number of cells for the modeled jet. This was done by utilizing
the linear polarization degree we observe. When the source is optically thin, we observe the
emission generated and propagated through the whole modeled jet. Thus, the linear polariza-
tion degree when the source is optically thin can be used to estimate the total number of cells
in the jet using Eq. 5.2. On the other hand, when the source is optically thick, we observe
only the radiation emitted from the row of cells on the facing side of the jet and we can use
the polarization degree at those moments to estimate the number of slabs for the modeled jet.
Our observations show that when the source is optically thin, its linear polarization degree has
a median value of 3 % and when it is optically thick it is 1 %. Using these values and the
theoretical predictions of ∼ 70 and ∼ 10% at the optically thin and thick regimes respectively
we estimate a total number of 540 cells, organized in ∼ 100 slabs. This result, in combination
with the linear scale of the source, gives a cell linear scale of ∼ 9 pc. Since we expect that the
magnetic field of each cell is uniform, we argue that this size is equivalent to the coherence
length of the magnetic field in the modeled jet.
This size comes in agreement with the linear scale we get using the variability we observe in
the polarized flux. Assuming that the polarized flux is coming from the most compact emission
components of the jet region, we can estimate their size by light-travel arguments. The main
idea is that we can use the timescale of the variability and the speed of light to estimate a linear
scale of the region of the jet where this variability takes place. Quantifying the variability
timescale as the half-period between two consecutive minimizations of the polarized flux, we
estimate it to be ∼ 400 days (see also Fig. 5.4). These observer’s frame time scales however
must be corrected for cosmological redshift and relativistic bulk motion. It will then be
t′ =
δ
1 + z
t (5.8)
where,
t′ time in the emission element frame
t time in the observer’s frame
δ the doppler factor of the emission element
z the redshift of the source
Using δ = 33 (Hovatta et al., 2009) and z = 0.859, we calculate the variability timescale at the
emission frame to be ∼ 7100 days, which corresponds to a linear scale of ∼ 6 pc. This size is
comparable to the estimated cell size above.
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Figure 5.8: The unshocked flow of modeled jet for 3C454.3. The parameters used to construct
this model are described in the text.
5.4.4 Reproducing the observed behavior
The above estimates for the cell number and size, the magnetic field strength and the particle
density normalization factor were used for the consequent runs of our computer code. The
remaining results were made possible by these runs. First, we explored the parameter space of
the compression factor and found out that in order to reach the observed maximum polarization
degree of ∼ 6% during the polarized flare at MJD ∼ 56800, the compression factor, k, should
be ∼ 0.8.
Next, we tried to reproduce the variability pattern with a traveling shock of k = 0.8.
Using our code, we realized that the variability pattern was reproduced but the propagated
SED component was transversing within a small frequency range of a few tens of GHz. In
order to transfer the variability pattern to the higher frequencies it is observed (∼ 20 - 150 GHz,
Fig. 5.2), without changing the parameters estimated above, we increased the Doppler factor of
the propagating shock. An exploration of the parameter space showed that the Doppler factor
should be∼ 30 for the variability to be observed at that frequency range. This number comes in
agreement with the Doppler factor estimates for this source in the literature, (e.g. Sasada et al.,
2014; Zhou et al., 2015; Hovatta et al., 2009), calculated by different methodologies.
Finally, we used typical values for a number of parameters which we were not able to
constrain observationally. The first is the parameter p which changes the shape of the modeled
jet and has anyhow a minor influence on the results. We selected p = 0.2 to give a parabolic
shape to the modeled jet. The second parameter is q and defines the gradient of the magnetic
field strength along the jet. We selected p = 1. The third is the index of the power-law particle
energy distribution which was assigned the canonical value of 2.4 which yields a spectral index
of -0.7 in the optically thin part of the synchrotron spectrum. In Fig. 5.8, we show a profile of
the modeled jet using all the parameters discussed above.
The “shock-in-jet” signature in the polarization characteristics generated by our code
In Fig. 5.9, we show a simulated set of lightcurves for the total flux and polarization character-
istics of a modeled jet in the case of propagation of one relativistic shock front. The generated
lightcurves are very similar with the one we observe for sources which show transitions from
the optically thick to the optically thin regime, like 3C 454.3. The signature behavior for this
transition (see also subsection 5.2.2) is clearly discerned from the linear polarization datasets,
since we observe a 90◦ rotation of the EVPA, concurrent with a minimization of the linear
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Figure 5.9: Simulated Full Stokes lightcurves as generated with our computer code.
polarization degree, ml. The corresponding change in handedness for the circular polarization
is also observed in the specific example, although the dataset is very noisy and the circular
polarization degree remains in general very low.
In conclusion, we believe that the computer code we developed is a powerful tool for
the investigation of the physical characteristics of AGN jets. The combination of total flux
density and polarization information we observe puts strict constrains on the parameters of
the code which in turn can be used directly to extract information for the shock compression
factor, Doppler factor and the density of the shocked material. Furthermore, the code can be
used to study the influence of Faraday effects on the emitted radiation since these radiative
transfer parameters are coded at its core. Finally, this framework can be enriched by useful
modifications, like the addition of the lepton number which is discussed in subsection 4.4.3,
which can be used to answer fundamental open questions of AGN jets like their composition
(electron–proton or electron–positron).

Chapter 6
Optical and radio polarization studies
of MeV–GeV blazars
Abstract
In this chapter, we characterize our sample in terms of optical linear polarization using
the data obtainedwith the RoboPol monitoring program betweenMay 2013 and July 2015.
Furthermore, the comparison of our partially simultaneous, radio and optical polarization
monitoring datasets does not show any correlation between the two bands, suggesting that
the physical conditions at the two emission sites are different. We report 60 EVPA rotation
events in the radio bands we examined, performed by 22 sources of our sample. A small
number of those (6) have also shown such events in the optical wavelengths. Assuming
that these rotations are caused by the helical motion of emission elements propagating
downstream the jet, we use the rotation rates and the linear polarization degree measure-
ments in both the radio and optical bands to compare their (tangential) velocities and hence
their kinetic energies while they propagate through the radio and optical emission sites in
the jet.
6.1 INTRODUCTION
One of the defining characteristics of blazars is the high and variable optical linear polarization
degree. This characteristic has been used early on as an important probe of the physical param-
eters of jets and several observing campaigns have been initiated with the mere goal to collect
as much polarization information as possible from such sources, (e.g. Smith et al., 2009).
One of the optical polarization blazar monitoring campaigns which is currently running is
the RoboPol program (King et al., 2014; Pavlidou et al., 2014). RoboPol monitors the linear
polarization parameters of an unbiased sub-set of a gamma-ray flux limited sample (selected
from the second Fermi-LAT source catalog, (Nolan et al., 2012)) that includes ∼ 65 gamma-
ray blazars. The cadence ranges between a fraction of a night to 3 nights. The program uses the
Skinakas 1.3m optical telescope and a 4-channel polarimeter that can measure instantaneously
three Stokes parameters I , Q and U .
The current chapter is discussing the combined radio and optical polarization properties of
the F-GAMMA sources. Assuming that the radio and optical photons are produced in separate
emission sites in the AGN jets, the results can provide us with valuable information for the
physical characteristics at the two jet regions.
6.2 OPTICAL POLARIZATION DATA
In this section we introduce the sub-set of common sources between the radio polarization
sample discussed in Chapter 4 and the RoboPol source sample. We present their optical polar-
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ization characteristics along with some basic descriptive statistics and compare them with the
ones found in radio.
6.2.1 Demographics
There are 49 sources in the RoboPol data, collected between May 2013 and July 2015, which
have been also observed at least once at any of the four radio frequencies discussed in chapter 4.
These sources, along with a number of descriptive statistics for their R band magnitude, linear
polarization degree and EVPA measurements obtained over the last ∼ 2.2 years are given in
Table E.1.
In Table 6.1, we present the fractions of these sources which were found to be polarized
at least once in the RoboPol optical data as well as the radio data of the previous chapter.
In the last column of that table, we give the average value of the median linear and circular
polarization degrees of the corresponding sources. Finally, in Fig. 6.1, we show the histogram
of the median linear polarization degrees for the 44 sources which were found to be polarized
at least once in the R band.
In Fig. 6.1 we have also included the histograms separately for the sources labelled as Flat
Spectrum Radio Quasars (FSRQs) and BL Lac in Table 4.1. A direct visual inspection of the
two histograms does not show a significant difference between the two source types which is
also verified by a 2 sample Kolmogorov-Smirnov (KS) test (D = 0.14 and p = 0.96).
Table 6.1: The fraction of sources which were observed in both radio and optical bands and
were found to be polarized along with the average polarization degrees in each band.
Band Quantity Detected Percentage 〈ml,c〉
sources (%) (%)
R ml 44/49 89.8 8.4
2.64 GHz ml 40/44 90.1 3.2
4.85 GHz ml 37/49 75.5 3.2
mc 24/49 49.0 0.4
8.35 GHz ml 40/48 83.3 3.4
mc 25/48 52.1 0.4
10.45 GHz ml 33/45 73.3 3.5
6.2.2 Polarized state duration
In order to investigate whether the polarized state is a transient event for the R-band data of the
observed sources, possibly connected with their prominent flaring behaviour, we calculate the
fraction of the number of times they were detected to be significantly polarized, Nsign (signal-
to-noise ratio ≥ 3), over the total number of times they were observed, Ntot. These fractions
are shown as percentages in Fig. 6.2. In order to solidify our results, we perform our analysis
with the 29 sources which were measured at least 10 times over the observing period.
We conclude that the sources remain polarized most of the time (median: 91%), indepen-
dently of whether they are in a “flaring” or “quiescent” state. A detailed discussion for the
polarization characteristics of the source at those two states can be found in subsection 6.3.3.
Furthermore, these results are also in agreement with the same study for the radio bands, de-
scribed in subsection 4.2.6.
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Figure 6.1: The distribution of the R band median linear polarization degree measured by the
RoboPol program.
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linearly polarized, Nsign, over the number of times they were observed, Ntot. The analysis was
performed for sources that were observed at least 10 times.
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6.3 CORRELATION ANALYSIS
In this section, we utilize the tool of correlation analysis to quantify the relations between
the optical linear polarization and other observational characteristics for the sources in our
sample. Such relations are either dictated from existing theoretical models or can be used in
the development of new ones.
6.3.1 Optical linear versus radio linear and circular polarization
The average values of the linear and circular polarization degrees, reported in Table 6.1, show
that the linear polarization degree at optical bands is more than double the one we observe at
radio. One possible interpretation is that the magnetic field at the jet regions we probe with the
optical observations is more ordered than the one we probe with the radio observations. This
can be attributed to less randomization of the magnetic field in the optical part of the jet or
to frequent compressions of that field, possibly due to propagating shock fronts, which would
lead to an apparent uniformity, even if the randomization is similar in both radio and optical
parts (see also subsection 5.3.5).
Here we investigate further the correlation of the linear polarization degree at the optical
and radio bands, by comparing them at the source level. In Fig. 6.3, we plot the linear polar-
ization degree as measured in the two bands for all applicable cases. A similar plot is shown
in Fig. 6.4, where we compare the optical linear polarization degree with the radio circular
polarization degree. Interestingly, no correlation is found between the optical linear and radio
linear and circular polarization degrees in any of the bands we tested. This is supported by the
Spearman ρ test results (ρ and p values) attached on the side of each plot.
This result can be attributed to the difference of the physical parameters between the two
source regions. For example, if we consider the difference in the magnetic field uniformity as
the reason for the difference of the linear polarization degrees as discussed above, there are
sources with both higher and lower uniformity in the optical part of the jet as compared with
the radio one. The former is expected since we believe that the optical emission of the jet is
coming from the part closer to the “central engine” where theory predicts better ordering of the
magnetic field. Thus, sources which show lower ordering of the magnetic field in the optical
than the radio part are very interesting cases and need further investigation.
6.3.2 Optical linear polarization degree against the γ-ray energy flux
In Fig. 6.5, we plot the optical linear polarization degree as a function of the γ-ray energy
flux, taken from the 2FGL catalog (Nolan et al., 2012). We report that we find no correlation
between these two quantities, which is also supported by the Spearman ρ test results, attached
to the plot.
This is opposite to what we found for the radio data in subsection 4.4.4, where we noted an
anti-correlation between the linear polarization degree and the γ-ray energy flux. This fact can
be used as a constrain for the various theoretical frameworks which attempt an interpretation
of the origin of γ-rays observed from AGN jets.
6.3.3 Optical linear polarization degree and flux density state
In Fig. 6.6, we plot the linear polarization degree and polarized flux density at the low and
high optical flux density state of the sources. For the majority of data points, the linearly
polarized flux density is increased when the sources are at high total flux density state. This
is an indication of the non-thermal origin of the emission component responsible for the flux
density increase and it is similar to the results at radio as shown in subsection 4.4.6.
On the other hand, the optical linear polarization degree is not always higher at the high
flux state. The results of Fig. 6.6 show that the probabilities of the degree to be higher and
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Figure 6.3: R band median ml against radio median ml. The Spearman ρ and p values are
shown on the side of each plot.
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are shown on the side of each plot.
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Figure 6.5: R band medianml against γ-ray energy flux.
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Figure 6.6: R-bandml and Πl at low and high flux density state.
lower are almost equal. The optical results are very similar to the radio only at 10.45 GHz.
The interpretation we presented there was that for half of the times the flux increase at 10.45
GHz was due to optically thick emission components and optically thin for the other half.
This interpretation though is inadequate for the optical data, since we expect that the optical
emission remains always optically thin. An alternative interpretation would be that for the data
points above the x = y line in Fig. 6.6, where the linear polarization degree is higher at the high
flux state, the flux increase is caused by an emission component with higher magnetic field
uniformity, while for the ones below the x = y line it is caused by an emission component with
lower uniformity.
The former case is easily supported by the majority of theoretical interpretations for the
emission components which cause the observed variability. One such example is the “shock-
in-jet” model, according to which the variability is caused by a travelling shock front which
compresses the ambient magnetic field and thus results to an (apparent) increase of the unifor-
mity as discussed in subsection 5.3.5. The latter case however is difficult to be explained and
further investigation is needed.
6.4 OPTICAL AND RADIO EVPA ROTATIONS
One essential advantage of high-cadence, polarization monitoring programs like RoboPol, is
the capacity to densely sample smooth EVPA rotations which have been reported for AGN jets,
(e.g. Marscher et al., 2008; Abdo et al., 2010; Marscher et al., 2010). High cadence observa-
tions is a necessity if we want to remove the nπ ambiguity between consecutive EVPA data
points correctly. The ranges of optical EVPA rotations vary from a few tens to a few hundreds
of degrees and the rotation rates are ∼ 10◦/day (Blinov et al., 2015). It has been suggested
that these rotations are correlated with flares of the high energy jet emission (Marscher et al.,
2008) but the systematic study of Blinov et al. (2015) showed that no such exclusive correlation
exists.
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Figure 6.7: Histograms of the radio linear polarization EVPA rotation ranges, ∆θmax, and
rates, ∆θ/∆t, for four different bands.
We applied the methodology developed by Kiehlmann et al., (in prep) and presented in
Blinov et al. (2015) for the optical EVPA datasets obtained by RoboPol, to search for EVPA
rotations in the radio bands. We used the criteria described in Blinov et al. (2015) to define an
EVPA rotation. We considered:
• monotonous rotations with ranges ∆θ ≥ 90◦ and
• measured with at least 4 significant data points
There are 60 such rotations detected in the radio polarization datasets we analyzed. The
histograms of the EVPA rotation ranges, ∆θmax, and the rotation rates, ∆θ/∆t, in the four
different radio bands are shown in Fig. 6.7. Although the EVPA rotations at radio bands have
similar ranges as the ones in optical, their rates are much lower (median: 0.4◦/day).
The radio EVPA rotations we report were observed for 22 sources in our sample. These
sources are shown in Table 6.2, along with the number of rotations observed in any of the radio
bands we examined. We also give the median value of all the observed rotation ranges, ∆θmax,
as well as the median value of their rates, ∆θ/∆t. Sources with detected optical EVPA rotations
have a second entry in Table 6.2, starting with the label “R band”. The corresponding optical
EVPA rotation ranges and rates are taken from Blinov et al. (2015). There are 6 sources with
EVPA rotations detected at least once in both the optical and radio bands, independently of
whether they were concurrent.
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Table 6.2: The list of sources which have shown radio or optical EVPA rotations.
The second column is the number of detected rotations, the third is the median value
of the ranges of these rotations, ∆θmax, and the fourth column the corresponding
median value of the rotation rates, ∆θ/∆t.
Source Rotations Median Median
∆θ ∆θ∆t
J0050-0929 3 177.1 0.31
J0102+5824 1 90.8 0.17
J0217+0144 3 133.6 0.69
J0237+2848 2 199.4 0.72
J0238+1636 1 106.6 0.25
J0319+4130 3 121.4 0.51
J0423-0120 6 124.8 0.52
R band 1 110.0 11.10
J0721+7120 9 122.6 0.58
R band 2 194.0 72.40
J0730-1141 4 166.1 0.35
J0738+1742 1 109.6 0.37
J0818+4222 3 119.8 0.30
J0854+2006 2 155.4 1.13
R band 2 167.0 11.85
J1159+2914 1 132.3 0.69
J1256-0547 2 116.0 0.31
R band 3 180.0 4.70
J1310+3220 1 128.3 0.30
J1512-0905 2 102.2 0.64
R band 4 450.0 13.80
J1635+3808 1 120.0 0.34
J1751+0939 5 107.6 0.51
J1848+3219 2 103.2 0.45
J1849+6705 4 160.2 0.38
J2203+1725 2 142.8 0.36
J2253+1608 2 103.3 0.59
R band 3 130.0 16.30
The interpretation of EVPA rotations in both the radio and optical bands is an active field of
research. There are several theoretical frameworks which can explain the observed behaviour
and they can be split into two major categories, the radiative and the geometrical rotations
(Myserlis et al., 2014). The former attribute the observed rotations to changes of the physical
characteristics of the emission components which in turn change the polarization characteris-
tics of the observed emission. One example is the transitions between the optically thin and
thick regimes for a synchrotron emitting component, which rotate its EVPA by exactly 90◦ as
described in subsection 5.2.2. The latter attribute the observed EVPA rotations to geometrical
characteristics of the emitting source, such as bend jet geometries and curved trajectories of
moving emission elements (e.g. Marscher et al., 2008; Nalewajko, 2010; Cawthorne and Cobb,
1990).
One of the geometrical interpretations of EVPA rotations predicts that large scale
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monotonous rotations are caused by the helical motion of emission components as they prop-
agate downstream the jet (Marscher et al., 2008). Assuming that this is the cause of EVPA
rotations in both radio and optical bands, we can use our findings to constrain some of the
basic physical characteristics of jets.
6.4.1 Optical and radio emission site size from EVPA rotation rates
In the following analysis we use the observed radio and optical EVPA rotation rates indepen-
dently of whether the rotations appear simultaneously in the two bands. As discussed above,
for the sources which show both radio and optical EVPA rotations, the former ones have much
lower rotation rates than the latter as shown in Table 6.2. The median value of the ratios of
EVPA rotation rates between radio and optical is 0.05, i.e. the optical EVPAs rotate 20 times
faster.
Assuming now a stable tangential speed, v, for the helically moving emission components,
we can estimate the ratio of the jet cross-section radii at the optical and radio emitting parts
of the jet using the conservation of angular momentum argument. If the angular speed of the
emission element, ω, is equal to the EVPA rotation rate, we estimate that the jet radius at the
radio emitting part of the jet should be 20 times larger that the one at the optical emitting part.
This size ratio is not only very large but it should be manifested through much higher linear
polarization degree ratios between the optical and radio bands than the ones observed. That is,
under the assumption of a self-similar jet magnetic field structure for which the only difference
between the optical and radio emitting parts is a 3-dimensional “compression”.
6.4.2 The kinetic energy ratio between the radio and optical parts of the jet
The only assumption in all the above, besides the interpretation of the EVPA rotation, is the
stable tangential speed, and thus kinetic energy, of the helically moving emission component.
If we drop this and use the observed linear polarization degree ratio between the optical and
radio observations, we can estimate the size ratio between the radio and optical emission sites
assuming the self-similar magnetic field structure discussed above. This in turn will provide an
estimate for the tangential speeds when we combine it with the angular ones, deduced from the
EVPA rotation rates in the two bands. Using only the set of sources which show both optical
and radio EVPA rotations, we estimate that the ratio of radio over optical linear polarization
degree is ∼ 0.26.
Assuming that this difference of linear polarization degrees is due to a 3-dimensional com-
pression of the optically emitting jet part as compared to the radio emitting one, we can gener-
alize Eq. 5.7 to estimate the linear compression factor that could cause this difference. Then, a
3-dimensional linear polarization degree ratio of ∼ 0.26 would correspond to a 1-dimensional
of 3
√
0.26 = 0.64, which in turn corresponds to a compression factor of 0.47 (assuming the
ideal case of φ = 0 in Eq. 5.7). This would also be the ratio of the jet cross-section radii, R,
between the optical and the radio emitting parts of the jet.
The latest finding, combined with the observed ratio of the angular speeds of the emission
component can be used to estimate the ratio of tangential speeds:
vr
vo
=
ωr
ωo
Rr
Ro
= 0.05 · 1
0.47
= 0.05 · 2.1 = 0.105 (6.1)
where the subscripts “r” and “o” refer to the radio and optical emitting part of the jet. This
would correspond to a kinetic energy ratio of 0.011 between the two parts of the jet. A com-
parison of this results with the current theoretical predictions is among our immediate next
steps.
Chapter 7
Summary and conclusions
7.1 THE FRAMEWORK
This work presented a framework for the study of the physical conditions in astrophysical
emitting plasma elements through linear and circular polarization monitoring. This framework
includes all necessary elements to:
1. Design and conduct high-cadence, multi-frequency polarimetric observations.
2. Recover the complete Stokes 4-vector of the observed radiation with high accuracy.
3. Interpret polarimetric observations on the basis of the theoretical predictions that include
emission, absorption and propagation effects that can generate, modify or eliminate the
Stokes parameters of the radiation.
4. Reproduce the observed characteristics in the complete Stokes parameters set using a
radiative transfer code we developed on the basis of the model of Hughes et al. (1989a).
In this chapter we give an overview of the different elements of the framework and summarize
the conclusions reached throughout this thesis.
7.2 HIGH PRECISION LINEAR AND CIRCULAR RADIO POLARIMETRY
We have developed the machinery of our framework using a large fraction of the data obtained
with the F-GAMMA monitoring program. The methodology was based on the data obtained
with the 4.85 GHz secondary focus receiver of the 100-m Effelsberg telescope and it can be
easily generalized to accommodate the needs of any radio telescope equipped with circularly
polarized feeds. This methodology is described in Chapters 2 and 3.
The low circular polarization degree (∼0.5–1%) of the observed sources renders their
Stokes V measurements extremely challenging, especially with telescopes equipped with cir-
cularly polarized feeds. The development of a methodology to extract all four Stokes parame-
ters was essential for our project since it eliminates a number of uncertainty sources. The most
important of which, are:
1. The variability of Stokes Q and U during the measurement integration, caused by the
parallactic rotation of the source. We minimize this contribution by rotating the Stokes
parameters Q and U to the default North–East reference frame in the minimum possible
quantum of time. In our case, this was the duration of one sub-scan (∼30 s) for the
cross-scan observing method we followed.
2. The spurious linear and circular polarization as well as the cross-talk between Stokes
parameters induced by the observing system, collectively known as instrumental polar-
ization. We followed two methodologies to correct this effect. For the first one, we
estimated the elements of the 4x4 Müller matrix for each observing session and multi-
plied its inverse matrix with the observed Stokes vector to correct them. For the second
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one, we performed a detailed calibration of all the Stokes parameters compensating for
the instrumental cross-talk between Stokes Q and U (instrumental rotation).
Both methodologies require linear and circular polarization standards. The former
are usually known while the latter are almost nonexistent in the available literature. Af-
ter a careful examination of the Stokes V for the sources in our sample, we discovered
a number of them which showed significant and stable circular polarization after re-
moving the spurious Stokes V introduced by the instrument. We used the known linear
polarization and the discovered circular polarization standards to correct the instrumental
polarization and calibrate the observe Stokes parameters with the above methodologies.
The linear and circular polarization standards we used are given in Table 3.2.
3. The uncertainty introduced by the fitting algorithm that we use to compute the Stokes
parameter amplitudes. Since most of our sources are unresolved, the datasets obtained
during each sub-scan yield the beam pattern of the telescope, normalized to the corre-
sponding amplitude of the observed source. In order to compensate for the low Stokes V
of our sources, measured as the difference between the fitted left and right circularly po-
larized (LCP and RCP) source amplitudes, we adopted the Airy disk function (Eq. 2.14)
which describes the whole area of the scan with high accuracy and delivers small enough
fitted amplitude errors.
4. The spurious Stokes V introduced by the LCP and RCP beam separation on the plane
of the sky, which introduces a gain difference between the two channels. We compen-
sate for this difference by recalculating the LCP and RCP amplitudes as if they were
measured at the center of each beam using the pointing offsets in the two scanning di-
rections and the Airy disk function which describes the beams. Our results show that the
Stokes V variability introduced by this effect due to the different LCP to RCP gain ratios
over the two scanning directions, is decreased for ∼70% of our measurements with an
average decrease of ∼15%.
5. The instrumental artifacts of the StokesQ andU beam patterns. Wemodel those for each
observing session using the StokesQ andU datasets of unpolarized sources. Afterwards,
we subtract the constructed models from the corresponding datasets of all the observed
sources. The benefits are manifold, including the improvement of the FWHM and the
recovery of faint or corrupted Stokes Q and U datasets. After this correction, the scatter
of linear polarization degree and EVPA for the standard sources we measure was found
to be reduced by as much as up to 10 times.
We also studied the multiplicative factors used to correct the measured amplitudes for the
attenuation of the incident radiation through the atmosphere as well as the telescope’s gain
variability due to deviations of its surface from the ideal parabolic shape at different observing
elevations. We did not find any significant difference of those factors between the different
polarization modes; subsequently, the same factors were used for all Stokes parameters.
Finally, our examination of the polarimetric datasets obtained over more that 4.5 years
showed that the observing system is very stable and can deliver high accuracy results in all
Stokes parameters (Sect. 3.4).
7.3 LINEAR AND CIRCULAR RADIO POLARIZATION CHARACTERISTICS OF AGNS
We used the above methodology to recover the polarization parameters for a sample of 87
AGNs at 4 bands between 2.64 and 10.45 GHz. Stokes I ,Q and U were recovered at 2.64,
4.85, 8.35 and 10.45 GHz and Stokes V at 4.85 and 8.35 GHz. Our results concern monitoring
observations conducted with the 100-m Effelsberg telescope between July 2010 and January
2015 with a mean cadence of 1.6 months and they are presented in Chapter 4.
7.3. RADIO POLARIZATION CHARACTERISTICS OF AGNS 131
7.3.1 Linear and circular radio polarization
Around 80–90% of the sources were found to be linearly polarized at least once. On the other
hand, 55% of the sample showed significant circular polarization degree,mc, at least once. The
distributions of the median linear and circular polarization degrees, ml and mc, have average
values of∼3.1% and∼0.5% respectively. Our measurements yield a mean uncertainty of 0.2%
and 0.1% forml andmc respectively.
Linearly and circularly-only polarized sources
There are 27 sources in our sample which showed only linear polarization. They were found to
populate the lower part of the flux density distribution of our sample and thus their circularly
polarized fluxes most probably do not pass the detection limits of our system. There are also 4
sources which show only circular polarization. Since such behaviour is not expected from the
synchrotron emission mechanism, those sources may be an indication that circular polarization
“survives” better the various propagation effects which depolarize the radiation or of another
emission mechanism at play.
Linear and circular polarization per observing frequency
We found a correlation between the averageml and the observing frequency. This result can be
attributed to a better ordering of the magnetic field upstream the AGN jet or to the depolariza-
tion due to internal Faraday rotation which should be more prominent at the lower frequencies.
No significant difference was found between the 4.85 and 8.35 GHz mc distributions. This
is an indication that the emission is coming from neighboring regions in the jet with similar
physical conditions.
Duration of polarized state
Most of the linearly polarized sources were found at a significantly polarized state for 80–90%
of the time. Interestingly, this is not the case for the 10.45 GHz data, where this fraction is
∼28%. This result can be attributed to the intense variability at that frequency. Assuming that
the variability is caused by emitting elements which undergo transitions between the optically
thick and thin regimes of synchrotron emission, their linear polarization degree is often mini-
mized and renders the linearly polarized part of the emission unobservable. On the other hand,
the circularly polarized sources, acquire that state only for a small fraction of the time (median:
7 %). This is expected, since our sources are very variable and the intrinsically low fraction
of circular polarization (Table 4.2) restricts our capacity to measure it to only the brief periods
the source remains at a high total flux density state.
Total flux density and linear polarization spectra
We observed significant variability in the frequency dependence of the linear polarization char-
acteristics (ml versus frequency) for most of our sources. This is expected in the case of (in-
coherent) synchrotron emission since the linear polarization degree depends on the spectral
index (see also subsection 1.4.1) and most of the sources show pronounced spectral evolution
(Angelakis et al., 2012). Furthermore, for a subset of sources like J1256-0547 (3C 279) or
J2253+1608 (3C 454.3) we measure clear minimizations of ml versus frequency which prop-
agates to lower frequencies. The fact that we observe also a concurrent rotation of the EVPA
by 90◦, indicates that we observe transitions between the optically thick and thin regimes of
synchrotron emission which has been one of the main drives for the current work.
7.3.2 Derivative quantities
We used the linear and circular polarization characteristics described above to calculate the
magnetic field strength in our sources. We also compute the rotation measure which is at-
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tributed to the low energy magnetized plasma located in regions where the radiation is emitted
or propagated through.
Magnetic field magnitude
We calculated the magnetic field strength by utilizing their circular polarization degrees and
the observing frequency, corrected for the relativistic Doppler and the cosmological redshift
effects. The magnetic field strengths estimated with the above technique are of the order of a
few to a few tens of mG (Table 4.4 and Fig. 4.8). There is an increase of the median magnetic
field strength from ∼ 3 to ∼ 6 mG with increasing observing frequency which might be an
indication that we observe regions of the jet where the magnetic field becomes more uniform.
Our magnetic field estimates are in good agreement with other studies and they are consistent
with those expected from theoretical predictions of magnetically powered jets.
Rotation measure
Our EVPAmeasurements at various frequencies allowed us to recover also the rotation measure
and the zero-wavelength EVPA, χ0, for each session. Their median values are reported in
Table 4.5. Our RMmeasurements are significantly correlated with the ones estimated by NVSS
data in Taylor et al. (2009) (p = 2 · 10−5, ρ = 0.63), suggesting a good agreement between
the two projects. Most of the RM values lie in the range between ± 100 rad m−2 which is an
indication that the Faraday rotation effect mainly takes place in the magnetized plasma of our
Galaxy, since they are consistent with the Galactic RM (Taylor et al., 2009). This interpretation
is supported by the fact that we find a significant anti-correlation between the RM and the
galactic latitude of our sources (p = 10−4, ρ = −0.58, Fig. 4.12).
We found also significant variability of RM which seems to be correlated with the source
variability. If the above interpretation for the galactic origin of Faraday rotation holds, we can
use this variability to probe the plasma content and magnetic field variations of our Galaxy.
Furthermore, a careful inspection of our results showed a sudden increase of RM when the
sources showed transitions between the optically thick and thin regimes of synchrotron emis-
sion. Therefore, RM variability is also an important diagnostic tool for the intrinsic physical
conditions of the source which may cause such transitions, like the particle density of the emit-
ting region or its magnetic field strength.
7.3.3 Correlation analysis
The theoretical predictions for the emission, absorption and propagation of polarized radiation
were used to perform a thorough correlation analysis between several observed characteristics
in order to investigate the physical conditions of the emitting plasma elements.
EVPA versus AGN jet position angle
We found a bimodality in the distribution of angles between χ0 and the jet position angle (φjet).
The peaks of the distribution are located at 0◦ and 90◦ with the latter being more significant.
This result is consistent with the poloidal component of the jet’s magnetic field being slightly
dominant. The bimodality of the distribution comes in agreement with the theoretical work in
this field, (e.g. Lyutikov et al., 2005) but a repeat of this experiment with an unbiased sample
is needed in order to generalise the conclusions.
Linear versus circular polarization degree
Our 4.85 GHz data show that ml is correlated with mc and it is about 10 times larger while
no significant correlation is found for the 8.35 GHz data. The correlation is predicted by the
synchrotron theory but the ratio is expected to be one order of magnitude larger (ml/mc ≈
230) at those frequencies. We attribute this discrepancy to depolarization effects – Faraday
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Rotation or the non-uniformity of the magnetic field – which decrease the linear polarization
degree much more than the degree of circular polarization. Our linear polarization degree
results (ml ≈ 3%) which are one order of magnitude less than the ones predicted by theory
(ml ≈ 70%) support this interpretation. This means that circular polarization “survives” better
the transmission of radiation through the tangled magnetic field of the emitting region and
other magnetized plasma clouds which may lie between the source and the observer. This
makes circular polarization observations a direct probe of the emitting region properties.
Finally, the fact that there is no evident correlation between the observed ml and mc at
8.35 GHz is not necessarily contradicting the above interpretation. One possible explanation is
that themc we observe at 8.35 GHz is not attributed (only) to the intrinsic synchrotron emission
but also to certain propagation effects, like circular repolarization, which predict the observed
lack of correlation betweenml andmc (see also subsection 1.4.4).
Linear and circular polarization versus RM
For theml data, we observe a slight anti-correlation with RM only at 2.64 GHz with confidence
level of 91%. For the higher frequencies (4.85–10.45 GHz), no correlation is found. This result
suggests that the low frequencies may be affected by internal Faraday rotation caused by low
energy magnetized plasma at the outer parts of the AGN jets where this emission is mainly
coming from. The lack of correlation at the higher frequencies, shown that the observed RM is
caused by external Faraday rotation, possibly caused by our Galaxy. For themc data, we don’t
get a significant correlation or anti-correlation with RM which indicates that the observed mc
is intrinsic to synchrotron emission and not generated by propagation effects which require low
energy magnetized plasma.
Jet plasma composition
The magnetic field strengths were calculated under the assumption that the emitting plasma
is purely made of electrons or positrons. We compared them against theoretical predictions
under the same assumption to estimate, in the case they are different, the content of positrons
or electrons respectively in the emitting plasma, quantified by the lepton number, ℓ (Eq. 4.8).
Assuming that the theory predicts a magnetic field strength of 10–100 mG for an electron
plasma (O’Sullivan and Gabuzda, 2009a) and given the fact that we observe a median value of
∼3 mG at 4.85 GHz (subsection 4.3.1), we calculate that |ℓ| ∼0.2–0.5. This lepton number
range shows that for every particle of one population there are 1.5 – 2 particles of the other
(electrons or positrons). In other words, the admixture of positrons in electron-dominated jet
plasmas or electrons in positron-dominated ones is ∼33–40%.
Polarization degree versus γ-ray energy flux and synchrotron peak
We found an anti-correlation between ml and the γ-ray energy flux (Nolan et al., 2012) which
is more significant for the 8.35 GHz data (ρ = −0.25, p = 0.04, Fig. 4.17). We also found an
anti-correlation betweenml and the logarithm of the peak frequency of for the synchrotron part
of the source SED, νs, taken from Ackermann et al. (2015) (ρ = −0.35, p = 0.04, Fig. 4.19).
Polarization parameters and source type
We did not find a significant difference between the two major source types, namely Flat Spec-
trum Radio Quasars (FSRQs) and BL Lac objects, for the majority of the characteristics we
examined, except for two: the magnetic field strength at the observing frequency of 4.85 GHz
and the angle between χ0 and φjet with confidence levels of 98 and 97% respectively. For
the latter, BL Lac objects peak at 0◦ and FSRQs at 90◦. This can be attributed to the differ-
ence in redshift between those two populations. The cosmological redshift affects the emitted
frequency and we may probe different regions of the jet at the same observing frequency. A
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potential difference in the magnetic field geometry between those regions would then be im-
printed in the angle distributions between χ0 and φjet.
Polarization degree and flux density state
Finally, we compared the polarization when the sources are in “quiescent” and “flaring” states.
Although the linearly polarized flux density is always increased in the “flaring” state, indicat-
ing that the flare is caused by a non-thermal emission element, the linear polarization degree
was found most of the times lower at the “flaring” state for the majority of the frequencies we
examined (2.64–8.35 GHz). We interpret this behavior by attributing the total flux density in-
crease at these frequencies to optically thick synchrotron components. The situation is reversed
at 10.45 GHz where the ml is mostly increased during the “flaring” state which we attribute
to optically thin synchrotron components. The circularly polarized flux density also seems to
increase at the “flaring” state confirming the non-thermal character of the component which
causing the flare.
7.4 FULL-STOKES RADIATIVE TRANSFER CODE
An essential part of our framework, presented in Chapter 5, is the computer code we developed
based on the equations given in Hughes et al. (1989a) to yield the solution of the radiative
transfer problem in the complete set of Stokes parameters accounting for all formal emission,
absorption and propagation effects. This code can be used to investigate the physical conditions
in astrophysical plasmas since the radiative transfer coefficients depend on those conditions.
7.4.1 Application to shocked jets
Multi-frequency, high cadence observations are essential in the study of the pronounced vari-
ability our sources usually show. This variability was found to follow repeating patterns in the
Fν–ν domain for many sources, a prototype of which is the blazar 3C 454.3. In many cases,
these patterns agree with the predictions of the “shock-in-jet” model (Marscher and Gear,
1985) which attributes them to the evolution of physical conditions at shocked regions as they
propagate downstream the jet.
Our results revealed the coordinated changes of the polarization parameters that mark the
transition from the optically thick to thin regimes of synchrotron emission. Assuming that
these transitions are due to the optical depth evolution of the propagated shocks, we used our
radiative transfer code to emulate them and reproduce the variability observed in all Stokes
parameters in the case of the prototype source 3C 454.3. We followed the strict requirement to
accomplish that just by evolving the physical characteristics of the emitting region according
to the predictions of the “shock-in-jet” model. The reason for this approach is that it allows us
to understand directly the physical parameters that affect emitted radiation and its variability.
7.4.2 The study case of 3C 454.3
The approach described above resulted in a number of estimates for the physical conditions of
in the jet of the blazar 3C 454.3.
Jet physical size
A close inspection of the MOJAVE VLBI maps revealed that most of the observed emission is
coming from the inner part of the jet, its core, which spans over a region of about 19 pc. This
size corresponds to ∼850 pc after correcting for projection effects, using a viewing angle of
1.3◦ (Hovatta et al., 2009). However, this region is comparable to the map beam size and we
consider the calculated value as an upper limit for the size of our modelled jet.
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Particle number density
We estimated the particle number density using the magnetic field strength and the jet size
upper limit. Our observations show that the magnetic field strength is ∼3 mG. We ran our
computer code several times using different values for the particle number density in the range
of a few to a few hundred cm−3 in order to reproduce the observed flux of the jet at its “quies-
cent” state. Using the 14.5 GHz data as a pivot frequency, we reached the observed flux density
levels (∼4–5 Jy) with number densities of ∼10–102 cm−3.
Magnetic field coherence length
The plasma “cells” we use to construct the emitting region with our code are embedded in
uniform magnetic fields. Thus their polarization characteristics match the theoretical ones (e.g.
∼70% in the optically thin case). In order to compensate for the low levels of linear polarization
we observe, we randomize their magnetic field orientations. Therefore, the number of cells in
combination with the above size estimate can provide a coherence length for the jet magnetic
field.
For the case of 3C 454.3, we need a total number of 540 cells, organized in ∼100 slabs, to
reproduce the observed levels ofml. Using this result we calculate a cell linear size of ∼ 9 pc
which is also the coherence length of the magnetic field. This size comes in agreement with
the linear scale we estimate using the variability we observe in the polarized flux density. As-
suming that the polarized flux density is coming from the most compact emission components
of the jet region, we can estimate their size by light-travel arguments. Quantifying the variabil-
ity time scales as the half-period between two consecutive minimizations of the polarized flux
density, we estimate it to be ∼400 days (see also Fig. 5.4). After correcting for cosmological
redshift and relativistic Doppler factor, this time scale becomes∼7100 days which corresponds
to a linear scale of ∼6 pc.
Reproducing variability with propagating shocks
Using the above estimates, we ran our code several times to reproduce the observed variability
with propagating shocked regions downstream the jet. First, we explored the compression
factor, k, parameter space and found out that the observed maximum polarization degree of
∼6% during the polarized flare at MJD ∼ 56800, is reached with k ∼ 0.8 .
Although we managed to reproduce the variability pattern with a propagating shock of
k = 0.8, its corresponding SED component was transversing within a small frequency range
of a few tens of GHz. In order to transfer the variability pattern to the higher frequencies it is
observed (∼20–150 GHz), without changing the parameters estimated above, we increased the
Doppler factor of the propagating shock. An exploration of the parameter space showed that its
Doppler factor should be ∼30 to accomplish that. This number comes in agreement with the
Doppler factor estimates for this source in the literature, (e.g. Sasada et al., 2014; Zhou et al.,
2015; Hovatta et al., 2009), calculated by different methodologies.
7.5 OPTICAL POLARIZATION PROPERTIES OF AGNS
Finally, in Chapter 6, we studied the cross-band polarization properties of AGN jets comparing
the datasets obtained with the F-GAMMA and RoboPol monitoring programs. This plurality
of information allows us to compare also the physical characteristics of the radio and optical
emitting parts of the jet.
7.5.1 Optical polarization
There are 49 sources in the RoboPol data, obtained between May 2013 and July 2015, which
have been also observed at least once, at at least one of the four radio frequencies we examined.
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44 out of those were found to be linearly polarized at least once in the optical wavelengths. The
average value of the distribution of median opticalml is 8.4%, hence more than double the one
in radio (∼3%). No significant difference were found between FSRQ and BL Lac objects in
the optical polarization characteristics.
Polarized state duration
We found that the sources remain optically polarized most of the time (median: 91%), inde-
pendently of whether they are in a “flaring” or “quiescent” state. These results are also in
agreement with the same study in most of the radio bands, described in subsection 4.2.6.
7.5.2 Correlation analysis
We also performed a correlation analysis between the optical and radio polarization character-
istics as well as other observational properties.
Optical linear versus radio linear and circular polarization
Interestingly, no correlation was found between the optical linear and radio linear and circular
polarization degrees in any of the bands we tested (Figs. 6.3 and 6.4). This result can be at-
tributed to the difference of the physical parameters between the two source regions. Assuming
that the linear polarization degree measurements probe the magnetic field uniformity, there are
sources with both higher and lower uniformity in the optical part of the jet as compared with
the radio one. The former is expected since the optical emission of the jet is believed to orig-
inate closer to the “central engine” where the theory predicts better ordering of the magnetic
field. Consequently, sources that show the opposite result are very interesting cases and need
further investigation.
Optical linear polarization degree versus γ-ray energy flux
We found no correlation between these two quantities. This is opposite to the corresponding
result for the radio data, where we found an anti-correlation between the linear polarization
degree and the γ-ray energy flux. Both these findings can be used as constrains for the various
theoretical interpretations for the origin of γ-rays of AGN jets.
Optical linear polarization degree and flux density state
In most of the cases, the optical linearly polarized flux density is increased when the sources
are at a “flaring” state. This is an indication of the non-thermal character of the emission for
the component responsible for the flux density increase and it is similar to the results at radio
bands as shown in subsection 4.4.6. On the other hand, the optical linear polarization degree
is not always higher during the “flaring” state. This is similar to the corresponding result at
10.45 GHz. However, our interpretation that in those cases the flux increase at 10.45 GHz was
due to optically thick emission components is not applicable for the optical data. We expect
that the optical emission remains mostly optically thin. An alternative interpretation would
be that for sources with higher or lower ml at the “flaring” state, the flux density increase is
caused by an emission component with higher or lower magnetic field uniformity respectively.
The former case is easily supported by existing theoretical interpretations for the emission
components which cause the observed variability, like the “shock-in-jet” model. However, the
latter case is difficult to be explained and further investigation is needed.
7.5.3 Optical and radio EVPA rotations
We looked for EVPA rotations in our radio data and compared them with the optical ones. We
found that several physical characteristics of jets can be discerned from such comparisons.
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Assuming that these rotations are caused by the helical motion of emission elements prop-
agating downstream the jet, we used the rotation rates and the linear polarization degree mea-
surements in both the radio and optical bands to compare the (tangential) velocities and fur-
thermore the kinetic energies of those emission elements while they are propagating through
the radio and optical emission sites in the jet.
Radio EVPA rotations
We applied the methodology developed by Kiehlmann et al., (in prep) and presented in
Blinov et al. (2015), to search for EVPA rotations in the radio bands. There are 60 such rota-
tions detected in 22 sources. Although the EVPA rotations in radio bands have similar ranges
as the ones in the optical, their rates are much lower (median: 0.4◦/day, Fig. 6.7). Six of these
sources showed optical EVPA rotations independently of whether they were concurrent with
the radio ones.
Optical and radio emission site size from EVPA rotation rates
As we discussed already, one of the interpretations for EVPA rotations is that they are
caused by the helical motion of emission components as they propagate downstream the jet
(Marscher et al., 2008). Under this assumption, the angular speed of those elements, ω, is
equal to the observed EVPA rotation rate. Assuming the same tangential speed, v, for the he-
lically moving components as they propagate through the radio and optical emitting parts of
the jet, we estimate that the jet cross-section radius in the radio part is 20 times larger than the
one in the optical part, using the conservation of angular momentum argument. We expect that
this large size ratio should be manifested through much higher linear polarization degree ratios
between the optical and radio bands than the ones observed. That is, under the assumption of
a self-similar jet magnetic field structure for which the only difference between the optical and
radio emitting parts is a 3-dimensional “compression”.
The kinetic energy ratio between the radio and optical parts of the jet
The only assumption used above is the stable tangential speed, and the kinetic energy, of the
helically moving emission component. If we drop this and use the observed linear polarization
degree ratio between the optical and radio observations, we estimate that the radio emission
site size is 2.1 times larger than the optical one. We used this estimate in combination with the
angular speed ratio to calculate that the tangential speed in the radio part of the jet is∼10 times
lower than in the optical, which corresponds to the kinetic energy being ∼100 times lower in
the radio part.
7.6 FUTURE WORK
Our immediate next steps would be to:
1. Apply our radiative transfer code in order to reproduce the observed behaviour in all
Stokes parameters and extract the physical conditions for more sources in our sample.
2. Expand our linear and circular radio polarimetric dataset in both frequency and time
domains by applying the machinery of our framework to the entirety of the F-GAMMA
dataset.
3. Combine our results with observations in other parts of the electromagnetic spectrum to
acquire a broadband view of the emitted radiation which is essential to discern the un-
derlying physical mechanisms. Such an panchromatic analysis will become particularly
valuable in the light of the upcoming high energy (e.g. X-ray) polarization-sensitive
satellites (e.g. ASTRO-H).
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Finally, we believe that our framework can be applied to study the physical conditions of
other astrophysical magnetized plasma systems like protostellar outflows, galactic halos, or
the interstellar medium. It is within our scope to expand our understanding towards those
directions as well.
Appendix A
Radio polarization data
Table A.1: Representative statistical moments for the total flux density and polar-
ization characteristics of the observed sources in the radio bands. The quantities we
examined are given in the third column (x) and they are: the linear polarization de-
gree,ml, and flux density Πl, the absolute circular polarization degree, |mc|, and flux
density |Πc|, the total flux density, S, and the electric vector position angle (EVPA),
χ. Nsign is the number of data points which passed a number of quality criteria over
the total number of data points. For each quantity we provide the weighted average,
〈x〉, and standard deviation, σx, over the time that the quantity has been observed.
The modulation index, σx〈x〉 , as a measure of the variability amplitude of the source
in that quantity as well as the median, minimum and maximum values are reported.
Note that in some cases the Nsign for theml and Πl may differ. In those cases, Πl has
been measured while ml has been corrupted because of corrupted total flux density
measurement. EVPAmeasurements are reported for all successful Πl measurements.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
3C161 2.64 S (Jy) 8/8 11.296 0.046 0.4 11.308 11.235 11.376
Πl (Jy) 8/8 1.152 0.003 0.3 1.151 1.149 1.160
ml (%) 8/8 10.2 0.0 0.3 10.2 10.2 10.2
χ (◦) 8/8 -4.2 0.2 . . . -4.3 -4.4 -3.9
4.85 S (Jy) 17/17 6.638 0.093 1.4 6.640 6.165 6.782
Πl (Jy) 17/17 0.331 0.008 2.5 0.334 0.292 0.347
|Πc| (Jy) 6/17 0.030 0.009 28.0 0.033 0.017 0.041
ml (%) 17/17 5.0 0.1 2.6 5.0 4.7 5.3
|mc| (%) 6/17 0.5 0.1 28.0 0.5 0.2 0.6
χ (◦) 17/17 -56.6 1.3 . . . -56.6 -60.9 -55.1
8.35 S (Jy) 14/14 3.800 0.051 1.3 3.781 3.632 3.973
Πl (Jy) 14/14 0.117 0.011 9.1 0.117 0.107 0.158
|Πc| (Jy) 0/14 nan nan nan nan nan nan
ml (%) 14/14 3.1 0.3 9.5 3.1 2.9 4.1
|mc| (%) 0/14 nan nan nan nan nan nan
χ (◦) 14/14 -79.0 1.1 . . . -78.5 -81.0 -77.0
10.45 S (Jy) 9/9 2.992 0.066 2.2 2.977 2.917 3.081
Πl (Jy) 5/9 0.074 0.003 3.4 0.074 0.072 0.079
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Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
ml (%) 5/9 2.5 0.1 5.2 2.5 2.4 2.7
χ (◦) 5/5 -86.3 1.0 . . . -87.0 -87.2 -85.1
3C286 2.64 S (Jy) 30/31 10.679 0.026 0.2 10.684 10.551 10.788
Πl (Jy) 30/31 1.076 0.002 0.2 1.076 1.071 1.091
ml (%) 30/31 10.1 0.0 0.3 10.1 10.1 10.3
χ (◦) 30/30 33.0 0.1 . . . 33.0 32.8 33.1
4.85 S (Jy) 55/56 7.489 0.040 0.5 7.463 7.335 7.522
Πl (Jy) 55/56 0.837 0.004 0.5 0.836 0.827 0.852
|Πc| (Jy) 2/56 0.042 0.004 9.5 0.042 0.039 0.045
ml (%) 55/56 11.2 0.1 0.7 11.2 11.1 11.4
|mc| (%) 2/56 0.6 0.1 10.0 0.6 0.5 0.6
χ (◦) 55/55 32.8 0.5 . . . 32.9 31.6 33.7
8.35 S (Jy) 53/53 5.211 0.038 0.7 5.210 5.009 5.279
Πl (Jy) 53/53 0.577 0.007 1.2 0.579 0.555 0.593
|Πc| (Jy) 2/53 0.008 0.017 215.6 0.019 0.007 0.031
ml (%) 53/53 11.1 0.1 0.9 11.1 10.6 11.5
|mc| (%) 2/53 0.2 0.3 214.9 0.4 0.1 0.6
χ (◦) 53/53 32.8 0.3 . . . 32.9 30.8 38.2
10.45 S (Jy) 36/36 4.446 0.020 0.5 4.444 4.273 4.491
Πl (Jy) 34/36 0.521 0.001 0.3 0.521 0.514 0.532
ml (%) 34/36 11.7 0.1 0.5 11.7 11.6 12.1
χ (◦) 34/34 33.0 0.1 . . . 33.0 32.3 33.5
3C295 2.64 S (Jy) 12/14 12.404 0.068 0.5 12.399 12.226 12.493
Πl (Jy) 2/14 0.023 0.036 158.4 0.033 0.007 0.059
ml (%) 2/14 0.2 0.3 155.7 0.3 0.1 0.5
χ (◦) 2/2 22.6 28.6 . . . 41.6 21.4 61.9
4.85 S (Jy) 26/26 6.559 0.047 0.7 6.559 6.462 6.608
Πl (Jy) 0/26 nan nan nan nan nan nan
|Πc| (Jy) 19/26 0.035 0.006 16.4 0.034 0.022 0.049
ml (%) 0/26 nan nan nan nan nan nan
|mc| (%) 19/26 0.5 0.1 16.3 0.5 0.3 0.7
8.35 S (Jy) 22/23 3.431 0.041 1.2 3.442 3.346 3.511
Πl (Jy) 22/23 0.031 0.002 7.0 0.031 0.027 0.034
|Πc| (Jy) 0/23 nan nan nan nan nan nan
ml (%) 22/23 0.9 0.1 7.0 0.9 0.8 1.0
|mc| (%) 0/23 nan nan nan nan nan nan
χ (◦) 22/22 31.3 2.6 . . . 31.6 26.1 40.4
10.45 S (Jy) 13/15 2.591 0.136 5.2 2.656 2.421 2.760
Πl (Jy) 3/15 0.061 0.012 19.4 0.056 0.052 0.074
ml (%) 3/15 2.3 0.4 19.0 2.0 2.0 2.8
χ (◦) 3/3 -27.5 2.9 . . . -29.5 -30.1 -25.4
3C48 2.64 S (Jy) 28/29 9.525 0.028 0.3 9.511 9.472 9.591
Πl (Jy) 27/29 0.151 0.003 2.0 0.152 0.143 0.155
ml (%) 27/29 1.6 0.0 2.1 1.6 1.5 1.6
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Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
χ (◦) 27/27 70.0 0.4 . . . 70.0 68.8 71.3
4.85 S (Jy) 53/53 5.518 0.015 0.3 5.515 5.479 5.597
Πl (Jy) 53/53 0.234 0.004 1.5 0.231 0.223 0.238
|Πc| (Jy) 20/53 0.026 0.005 20.1 0.027 0.019 0.037
ml (%) 53/53 4.2 0.1 1.5 4.2 4.0 4.3
|mc| (%) 20/53 0.5 0.1 20.2 0.5 0.3 0.7
χ (◦) 53/53 -72.8 0.5 . . . -73.1 -74.8 -71.9
8.35 S (Jy) 54/54 3.253 0.017 0.5 3.256 3.145 3.400
Πl (Jy) 54/54 0.179 0.004 2.3 0.180 0.172 0.201
|Πc| (Jy) 2/54 0.006 0.000 3.6 0.006 0.006 0.006
ml (%) 54/54 5.5 0.1 2.2 5.5 5.3 6.1
|mc| (%) 2/54 0.2 0.0 3.7 0.2 0.2 0.2
χ (◦) 54/54 -65.5 0.6 . . . -65.2 -68.4 -64.2
10.45 S (Jy) 34/34 2.602 0.014 0.6 2.602 2.348 2.652
Πl (Jy) 20/34 0.153 0.003 1.7 0.153 0.144 0.165
ml (%) 20/34 5.9 0.0 0.7 5.9 5.8 6.2
χ (◦) 20/20 -63.8 0.4 . . . -63.8 -64.6 -63.0
J0050-0929 2.64 S (Jy) 24/25 0.651 0.123 19.0 0.691 0.372 0.861
Πl (Jy) 14/25 0.015 0.005 31.0 0.014 0.010 0.026
ml (%) 14/25 2.1 0.7 33.4 1.9 1.4 3.4
χ (◦) 14/14 105.9 25.7 . . . 109.2 54.4 153.5
4.85 S (Jy) 38/39 0.628 0.212 33.8 0.665 0.241 0.999
Πl (Jy) 4/39 0.019 0.006 29.7 0.019 0.012 0.027
|Πc| (Jy) 1/39 0.013 0.000 nan 0.013 0.013 0.013
ml (%) 4/39 2.4 0.4 15.9 2.6 2.2 3.0
|mc| (%) 1/39 2.0 0.0 nan 2.0 2.0 2.0
χ (◦) 4/4 -66.2 24.6 . . . -70.4 -101.6 -29.5
8.35 S (Jy) 37/38 0.595 0.253 42.6 0.680 0.214 1.068
Πl (Jy) 14/38 0.017 0.004 25.9 0.016 0.012 0.044
|Πc| (Jy) 0/38 nan nan nan nan nan nan
ml (%) 14/38 2.1 0.5 22.9 2.1 1.4 4.2
|mc| (%) 0/38 nan nan nan nan nan nan
χ (◦) 14/14 -2.3 48.8 . . . -55.2 -134.3 62.3
10.45 S (Jy) 24/27 0.786 0.156 19.9 0.776 0.499 1.130
Πl (Jy) 5/27 0.019 0.004 18.4 0.019 0.016 0.024
ml (%) 5/27 2.3 0.3 13.4 2.3 1.8 2.6
χ (◦) 5/5 110.9 35.6 . . . 117.4 58.6 145.5
J0102+5824 2.64 S (Jy) 20/20 1.844 0.622 33.7 2.025 1.074 3.539
Πl (Jy) 17/20 0.024 0.010 43.2 0.021 0.012 0.065
ml (%) 17/20 1.1 0.5 43.3 1.2 0.6 2.9
χ (◦) 17/17 33.1 20.5 . . . 30.6 -2.1 67.7
4.85 S (Jy) 25/26 2.006 0.599 29.9 2.342 1.214 4.253
Πl (Jy) 17/26 0.036 0.020 53.8 0.040 0.013 0.067
|Πc| (Jy) 2/26 0.006 0.000 2.9 0.006 0.006 0.006
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Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
ml (%) 17/26 1.5 0.3 18.2 1.6 0.6 2.3
|mc| (%) 2/26 0.2 0.1 24.1 0.2 0.2 0.3
χ (◦) 17/17 45.8 22.2 . . . 53.7 -36.8 131.1
8.35 S (Jy) 27/28 2.300 0.661 28.7 2.816 1.673 4.438
Πl (Jy) 24/28 0.052 0.035 67.5 0.054 0.019 0.119
|Πc| (Jy) 3/28 0.010 0.005 50.4 0.013 0.007 0.015
ml (%) 24/28 2.2 0.9 39.6 2.1 0.8 3.5
|mc| (%) 3/28 0.4 0.0 12.4 0.4 0.3 0.4
χ (◦) 24/24 79.6 22.1 . . . 70.6 22.3 153.7
10.45 S (Jy) 16/19 2.707 0.771 28.5 2.858 2.104 5.110
Πl (Jy) 6/19 0.073 0.031 42.5 0.065 0.038 0.121
ml (%) 6/19 2.3 0.5 21.9 2.2 1.4 2.8
χ (◦) 6/6 85.7 29.5 . . . 84.8 15.8 116.7
J0136+4751 2.64 S (Jy) 8/9 1.587 0.238 15.0 1.633 1.254 2.066
Πl (Jy) 4/9 0.032 0.012 36.9 0.030 0.019 0.045
ml (%) 4/9 2.1 0.8 37.4 1.9 1.3 3.0
χ (◦) 4/4 8.9 20.2 . . . 0.1 -6.6 43.1
4.85 S (Jy) 12/12 2.202 0.704 32.0 1.956 1.597 3.702
Πl (Jy) 7/12 0.041 0.028 66.7 0.048 0.016 0.104
|Πc| (Jy) 1/12 0.009 0.000 nan 0.009 0.009 0.009
ml (%) 7/12 1.6 0.8 47.0 1.7 0.8 3.0
|mc| (%) 1/12 0.4 0.0 nan 0.4 0.4 0.4
χ (◦) 7/7 22.4 16.4 . . . 23.9 5.4 65.4
8.35 S (Jy) 12/12 2.163 0.467 21.6 2.158 1.698 4.639
Πl (Jy) 10/12 0.024 0.021 84.5 0.044 0.011 0.156
|Πc| (Jy) 0/12 nan nan nan nan nan nan
ml (%) 10/12 1.2 0.7 62.6 1.8 0.6 3.8
|mc| (%) 0/12 nan nan nan nan nan nan
χ (◦) 10/10 -130.9 41.7 . . . -106.3 -151.8 -55.6
10.45 S (Jy) 10/11 2.588 0.574 22.2 2.375 1.696 5.167
Πl (Jy) 5/11 0.079 0.062 78.1 0.059 0.033 0.200
ml (%) 5/11 3.0 1.2 39.4 2.3 1.6 4.0
χ (◦) 5/5 -142.9 26.7 . . . -144.3 -151.0 -72.1
J0217+0144 2.64 S (Jy) 23/23 1.175 0.304 25.8 1.329 0.691 1.545
Πl (Jy) 14/23 0.011 0.004 37.0 0.010 0.007 0.022
ml (%) 14/23 0.8 0.3 39.4 0.8 0.5 1.7
χ (◦) 14/14 30.3 47.5 . . . 27.8 -47.5 127.7
4.85 S (Jy) 43/43 1.118 0.439 39.3 1.369 0.614 1.897
Πl (Jy) 24/43 0.021 0.011 51.6 0.028 0.014 0.054
|Πc| (Jy) 2/43 0.007 0.002 27.1 0.007 0.005 0.008
ml (%) 24/43 1.6 0.6 36.2 1.7 1.1 3.0
|mc| (%) 2/43 0.5 0.1 23.2 0.4 0.3 0.5
χ (◦) 24/24 -78.4 57.8 . . . -122.0 -164.7 -4.2
8.35 S (Jy) 39/41 1.323 0.421 31.8 1.466 0.644 2.016
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Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
Πl (Jy) 27/41 0.033 0.018 54.8 0.038 0.014 0.117
|Πc| (Jy) 5/41 0.007 0.002 26.0 0.007 0.005 0.010
ml (%) 27/41 2.3 0.9 41.7 2.4 0.8 6.3
|mc| (%) 5/41 0.4 0.1 25.9 0.4 0.3 0.6
χ (◦) 27/27 8.9 58.7 . . . 46.3 -64.0 105.5
10.45 S (Jy) 28/30 1.318 0.494 37.5 1.573 0.589 1.982
Πl (Jy) 1/30 0.038 0.000 nan 0.038 0.038 0.038
ml (%) 1/30 2.9 0.0 nan 2.9 2.9 2.9
χ (◦) 1/1 42.4 0.0 . . . 42.4 42.4 42.4
J0221+3556 2.64 S (Jy) 12/12 1.708 0.133 7.8 1.788 1.517 1.878
Πl (Jy) 11/12 0.012 0.003 23.1 0.012 0.008 0.017
ml (%) 11/12 0.7 0.2 24.1 0.7 0.4 1.0
χ (◦) 11/11 -18.8 9.0 . . . -15.4 -32.2 -5.5
4.85 S (Jy) 19/19 1.547 0.125 8.1 1.479 1.215 1.638
Πl (Jy) 18/19 0.054 0.005 9.0 0.055 0.043 0.068
|Πc| (Jy) 0/19 nan nan nan nan nan nan
ml (%) 18/19 3.8 0.2 5.3 3.8 2.9 4.2
|mc| (%) 0/19 nan nan nan nan nan nan
χ (◦) 18/18 6.0 4.1 . . . 6.3 -13.9 8.1
8.35 S (Jy) 20/20 1.293 0.063 4.9 1.305 1.022 1.519
Πl (Jy) 20/20 0.061 0.008 13.2 0.060 0.046 0.081
|Πc| (Jy) 4/20 0.003 0.001 28.9 0.004 0.003 0.006
ml (%) 20/20 4.7 0.4 8.1 4.8 4.3 5.7
|mc| (%) 4/20 0.3 0.1 23.4 0.3 0.2 0.4
χ (◦) 20/20 42.0 4.6 . . . 42.8 33.5 48.0
10.45 S (Jy) 10/15 1.228 0.109 8.9 1.314 1.008 1.427
Πl (Jy) 3/15 0.077 0.024 31.0 0.096 0.068 0.197
ml (%) 3/15 7.4 1.5 19.8 8.3 6.7 14.8
χ (◦) 3/3 39.4 6.3 . . . 41.8 35.0 57.1
J0222+4302 2.64 S (Jy) 19/19 1.654 0.055 3.3 1.645 1.587 1.758
Πl (Jy) 18/19 0.027 0.004 13.6 0.027 0.020 0.035
ml (%) 18/19 1.7 0.2 14.9 1.7 1.2 2.1
χ (◦) 18/18 52.0 4.6 . . . 53.0 41.9 58.2
4.85 S (Jy) 35/35 1.267 0.080 6.3 1.216 1.100 1.363
Πl (Jy) 15/35 0.014 0.005 36.5 0.020 0.010 0.022
|Πc| (Jy) 0/35 nan nan nan nan nan nan
ml (%) 15/35 1.1 0.5 48.5 1.7 0.7 2.0
|mc| (%) 0/35 nan nan nan nan nan nan
χ (◦) 15/15 -68.3 15.0 . . . -74.3 -85.0 -50.1
8.35 S (Jy) 34/34 0.969 0.083 8.5 0.965 0.870 1.216
Πl (Jy) 8/34 0.010 0.002 15.3 0.010 0.009 0.013
|Πc| (Jy) 0/34 nan nan nan nan nan nan
ml (%) 8/34 1.0 0.2 24.3 1.1 0.7 1.4
|mc| (%) 0/34 nan nan nan nan nan nan
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Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
χ (◦) 8/8 -41.2 25.8 . . . -45.7 -67.5 9.1
10.45 S (Jy) 20/23 0.882 0.077 8.8 0.899 0.779 1.073
Πl (Jy) 1/23 0.017 0.000 nan 0.017 0.017 0.017
ml (%) 1/23 2.1 0.0 nan 2.1 2.1 2.1
χ (◦) 1/1 -70.7 0.0 . . . -70.7 -70.7 -70.7
J0237+2848 2.64 S (Jy) 22/23 3.037 0.334 11.0 3.071 2.401 3.595
Πl (Jy) 21/23 0.079 0.016 20.4 0.080 0.046 0.103
ml (%) 21/23 2.6 0.7 27.3 2.7 1.4 3.7
χ (◦) 21/21 52.8 11.4 . . . 55.2 17.9 67.7
4.85 S (Jy) 40/41 2.824 0.472 16.7 3.040 2.360 4.072
Πl (Jy) 36/41 0.076 0.031 41.2 0.071 0.030 0.132
|Πc| (Jy) 5/41 0.009 0.006 65.6 0.013 0.006 0.024
ml (%) 36/41 2.3 1.0 45.4 2.5 0.8 4.5
|mc| (%) 5/41 0.3 0.2 65.6 0.4 0.2 0.6
χ (◦) 36/36 64.7 21.9 . . . 70.6 27.2 106.8
8.35 S (Jy) 40/40 3.449 0.464 13.5 3.323 2.286 4.068
Πl (Jy) 38/40 0.054 0.031 58.1 0.068 0.023 0.120
|Πc| (Jy) 13/40 0.014 0.003 24.4 0.015 0.008 0.025
ml (%) 38/40 1.5 1.0 64.8 2.1 0.7 4.1
|mc| (%) 13/40 0.4 0.1 23.5 0.4 0.2 0.7
χ (◦) 38/38 1.6 122.0 . . . 26.2 -155.2 151.6
10.45 S (Jy) 25/26 3.555 0.470 13.2 3.648 2.546 4.278
Πl (Jy) 7/26 0.078 0.033 42.3 0.080 0.034 0.131
ml (%) 7/26 2.1 0.9 42.1 2.7 0.9 3.1
χ (◦) 7/7 -123.1 46.9 . . . -135.4 -155.2 -55.1
J0238+1636 2.64 S (Jy) 23/25 0.908 0.081 8.9 0.945 0.745 1.028
Πl (Jy) 7/25 0.009 0.002 23.6 0.010 0.006 0.012
ml (%) 7/25 1.0 0.3 26.9 1.0 0.7 1.3
χ (◦) 7/7 16.0 12.1 . . . 15.1 -0.9 35.7
4.85 S (Jy) 40/41 0.988 0.121 12.2 1.045 0.726 1.260
Πl (Jy) 12/41 0.014 0.007 48.9 0.016 0.009 0.039
|Πc| (Jy) 0/41 nan nan nan nan nan nan
ml (%) 12/41 1.3 0.5 41.3 1.4 0.9 3.2
|mc| (%) 0/41 nan nan nan nan nan nan
χ (◦) 12/13 3.0 53.6 . . . -33.6 -62.2 44.4
8.35 S (Jy) 38/40 1.065 0.192 18.0 1.102 0.703 1.327
Πl (Jy) 26/40 0.018 0.007 38.3 0.019 0.010 0.099
|Πc| (Jy) 1/40 0.004 0.000 nan 0.004 0.004 0.004
ml (%) 25/40 1.6 0.5 34.0 1.7 0.9 3.0
|mc| (%) 1/40 0.3 0.0 nan 0.3 0.3 0.3
χ (◦) 26/26 -57.1 27.5 . . . -52.6 -116.4 -14.0
10.45 S (Jy) 23/27 1.177 0.134 11.4 1.158 0.681 1.406
Πl (Jy) 5/27 0.027 0.010 38.1 0.026 0.019 0.044
ml (%) 5/27 2.1 0.8 36.3 2.2 1.5 3.3
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Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
χ (◦) 5/5 -97.9 19.6 . . . -102.9 -106.0 -48.2
J0241-0815 2.64 S (Jy) 22/24 0.791 0.063 7.9 0.791 0.724 0.966
Πl (Jy) 1/24 0.008 0.000 nan 0.008 0.008 0.008
ml (%) 1/24 1.1 0.0 nan 1.1 1.1 1.1
χ (◦) 1/1 50.2 0.0 . . . 50.2 50.2 50.2
4.85 S (Jy) 37/38 1.268 0.174 13.7 1.254 1.039 1.425
Πl (Jy) 1/38 0.054 0.000 nan 0.054 0.054 0.054
|Πc| (Jy) 3/38 0.011 0.005 48.8 0.011 0.008 0.025
ml (%) 1/38 3.9 0.0 nan 3.9 3.9 3.9
|mc| (%) 3/38 0.8 0.6 68.9 0.8 0.7 2.4
χ (◦) 1/3 58.4 0.0 . . . 58.4 58.4 58.4
8.35 S (Jy) 36/37 1.527 0.133 8.7 1.476 1.116 1.692
Πl (Jy) 0/37 nan nan nan nan nan nan
|Πc| (Jy) 1/37 0.005 0.000 nan 0.005 0.005 0.005
ml (%) 0/37 nan nan nan nan nan nan
|mc| (%) 1/37 0.3 0.0 nan 0.3 0.3 0.3
10.45 S (Jy) 29/31 1.532 0.127 8.3 1.523 1.153 1.735
Πl (Jy) 2/31 0.026 0.009 33.9 0.026 0.019 0.032
ml (%) 2/31 1.7 0.6 35.7 1.6 1.2 2.1
χ (◦) 2/2 55.6 62.5 . . . 31.9 -12.3 76.1
J0319+4130 2.64 S (Jy) 25/26 15.044 0.262 1.7 15.098 14.298 15.864
Πl (Jy) 10/26 0.037 0.039 105.0 0.020 0.011 0.170
ml (%) 10/26 0.2 0.3 106.0 0.1 0.1 1.1
χ (◦) 10/10 26.1 36.3 . . . 9.3 -38.0 103.2
4.85 S (Jy) 51/51 15.404 1.719 11.2 16.666 13.930 22.927
Πl (Jy) 6/51 0.038 0.058 153.0 0.022 0.011 0.174
|Πc| (Jy) 10/51 0.115 0.081 71.0 0.170 0.037 0.216
ml (%) 6/51 0.2 0.3 133.4 0.1 0.1 1.0
|mc| (%) 10/51 0.6 0.3 49.7 0.8 0.2 1.0
χ (◦) 6/6 -197.4 76.4 . . . -188.7 -277.2 -84.6
8.35 S (Jy) 48/49 27.240 2.434 8.9 27.444 20.468 36.036
Πl (Jy) 11/49 0.037 0.022 58.9 0.031 0.018 0.071
|Πc| (Jy) 3/49 0.054 0.007 12.9 0.057 0.049 0.063
ml (%) 12/49 0.1 0.1 60.1 0.1 0.0 0.3
|mc| (%) 3/49 0.2 0.0 20.3 0.2 0.2 0.3
χ (◦) 11/11 97.4 32.4 . . . 84.0 68.4 156.7
10.45 S (Jy) 27/29 28.340 3.499 12.3 29.677 21.774 34.533
Πl (Jy) 13/29 0.110 0.134 121.8 0.169 0.044 0.940
ml (%) 13/29 0.3 0.4 117.6 0.6 0.1 2.9
χ (◦) 13/13 -52.4 63.0 . . . 3.3 -122.2 69.8
J0324+3410 2.64 S (Jy) 26/27 0.421 0.055 13.0 0.455 0.360 0.556
Πl (Jy) 22/27 0.021 0.003 12.8 0.021 0.017 0.032
ml (%) 22/27 4.7 0.9 18.1 4.8 3.7 9.0
χ (◦) 22/22 63.3 4.7 . . . 65.2 48.6 74.2
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Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
4.85 S (Jy) 45/47 0.408 0.050 12.2 0.393 0.290 0.549
Πl (Jy) 39/47 0.025 0.003 11.5 0.025 0.021 0.033
|Πc| (Jy) 1/47 0.002 0.000 nan 0.002 0.002 0.002
ml (%) 39/47 6.6 0.8 11.9 6.3 5.3 8.3
|mc| (%) 1/47 0.6 0.0 nan 0.6 0.6 0.6
χ (◦) 39/39 47.1 5.8 . . . 44.5 29.5 56.9
8.35 S (Jy) 44/45 0.377 0.092 24.3 0.359 0.273 0.561
Πl (Jy) 44/45 0.019 0.002 12.5 0.021 0.017 0.024
|Πc| (Jy) 0/45 nan nan nan nan nan nan
ml (%) 44/45 5.0 1.1 22.2 5.6 3.9 7.6
|mc| (%) 0/45 nan nan nan nan nan nan
χ (◦) 44/44 42.3 7.9 . . . 35.5 25.9 49.2
10.45 S (Jy) 29/35 0.333 0.055 16.4 0.336 0.265 0.548
Πl (Jy) 10/35 0.019 0.001 6.4 0.019 0.016 0.020
ml (%) 10/35 4.6 1.2 26.4 5.1 3.0 6.2
χ (◦) 10/10 32.8 3.3 . . . 33.3 25.1 37.8
J0339-0146 2.64 S (Jy) 2/2 2.411 0.276 11.5 2.431 2.236 2.627
Πl (Jy) 2/2 0.094 0.003 3.4 0.094 0.092 0.096
ml (%) 2/2 3.9 0.3 8.0 3.9 3.7 4.1
χ (◦) 2/2 -19.7 1.3 . . . -19.9 -20.8 -18.9
4.85 S (Jy) 2/2 2.708 0.214 7.9 2.579 2.428 2.731
Πl (Jy) 2/2 0.077 0.018 24.0 0.076 0.063 0.089
|Πc| (Jy) 0/2 nan nan nan nan nan nan
ml (%) 2/2 3.0 0.5 15.8 2.9 2.6 3.3
|mc| (%) 0/2 nan nan nan nan nan nan
χ (◦) 2/2 -34.7 4.3 . . . -32.5 -35.5 -29.4
8.35 S (Jy) 2/2 2.834 0.204 7.2 2.697 2.552 2.841
Πl (Jy) 2/2 0.064 0.001 2.2 0.064 0.063 0.065
|Πc| (Jy) 1/2 0.015 0.000 nan 0.015 0.015 0.015
ml (%) 2/2 2.3 0.1 5.4 2.4 2.3 2.5
|mc| (%) 1/2 0.5 0.0 nan 0.5 0.5 0.5
χ (◦) 2/2 -36.6 6.2 . . . -35.0 -39.3 -30.6
10.45 S (Jy) 2/2 2.864 0.307 10.7 2.654 2.437 2.871
Πl (Jy) 0/2 nan nan nan nan nan nan
ml (%) 0/2 nan nan nan nan nan nan
J0349-2102 4.85 S (Jy) 1/1 0.517 0.000 nan 0.517 0.517 0.517
Πl (Jy) 0/1 nan nan nan nan nan nan
|Πc| (Jy) 0/1 nan nan nan nan nan nan
ml (%) 0/1 nan nan nan nan nan nan
|mc| (%) 0/1 nan nan nan nan nan nan
8.35 S (Jy) 1/1 0.484 0.000 nan 0.484 0.484 0.484
Πl (Jy) 0/1 nan nan nan nan nan nan
|Πc| (Jy) 0/1 nan nan nan nan nan nan
ml (%) 0/1 nan nan nan nan nan nan
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Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
|mc| (%) 0/1 nan nan nan nan nan nan
J0359+5057 2.64 S (Jy) 17/17 5.024 0.161 3.2 4.983 4.694 5.366
Πl (Jy) 16/17 0.119 0.008 7.1 0.116 0.106 0.167
ml (%) 16/17 2.3 0.2 8.5 2.3 2.1 3.3
χ (◦) 16/16 -70.2 1.2 . . . -70.0 -73.6 -66.1
4.85 S (Jy) 33/33 7.725 0.694 9.0 7.458 6.386 8.799
Πl (Jy) 33/33 0.127 0.011 8.9 0.125 0.108 0.188
|Πc| (Jy) 1/33 0.035 0.000 nan 0.035 0.035 0.035
ml (%) 33/33 1.7 0.1 5.3 1.6 1.6 2.4
|mc| (%) 1/33 0.5 0.0 nan 0.5 0.5 0.5
χ (◦) 33/33 -70.1 6.3 . . . -73.8 -78.9 -57.4
8.35 S (Jy) 33/33 9.353 0.874 9.3 9.097 8.294 11.174
Πl (Jy) 33/33 0.110 0.030 27.2 0.130 0.077 0.187
|Πc| (Jy) 0/33 nan nan nan nan nan nan
ml (%) 33/33 1.2 0.3 23.6 1.4 0.9 1.8
|mc| (%) 0/33 nan nan nan nan nan nan
χ (◦) 33/33 -86.4 10.7 . . . -77.2 -94.8 -50.0
10.45 S (Jy) 22/22 9.469 0.441 4.7 9.343 8.795 10.351
Πl (Jy) 10/22 0.127 0.066 51.7 0.116 0.067 0.242
ml (%) 10/22 1.3 0.7 54.4 1.2 0.7 2.6
χ (◦) 10/10 110.0 15.7 . . . 104.1 54.3 130.7
J0418+3801 2.64 S (Jy) 21/22 9.175 0.235 2.6 9.198 8.815 9.790
Πl (Jy) 21/22 0.153 0.020 12.8 0.150 0.052 0.191
ml (%) 21/22 1.6 0.2 13.6 1.6 0.5 2.2
χ (◦) 21/21 -52.1 5.2 . . . -52.0 -55.3 30.0
4.85 S (Jy) 38/38 5.090 0.093 1.8 5.062 4.653 5.472
Πl (Jy) 26/38 0.105 0.016 15.5 0.103 0.069 0.123
|Πc| (Jy) 28/38 0.025 0.006 23.4 0.024 0.006 0.033
ml (%) 26/38 2.1 0.3 15.9 2.1 1.3 2.5
|mc| (%) 28/38 0.5 0.1 23.4 0.5 0.1 0.7
χ (◦) 26/26 -39.2 4.4 . . . -34.7 -47.6 -27.5
8.35 S (Jy) 36/36 3.039 0.255 8.4 3.130 2.705 3.829
Πl (Jy) 32/36 0.056 0.022 39.3 0.053 0.031 0.124
|Πc| (Jy) 4/36 0.009 0.002 25.8 0.009 0.008 0.017
ml (%) 32/36 1.7 0.8 46.9 1.7 0.8 4.0
|mc| (%) 4/36 0.3 0.1 25.0 0.3 0.2 0.4
χ (◦) 32/32 -7.4 6.5 . . . -13.6 -23.8 -1.1
10.45 S (Jy) 17/18 2.746 0.159 5.8 2.753 2.299 3.099
Πl (Jy) 5/18 0.045 0.006 14.6 0.046 0.038 0.055
ml (%) 5/18 1.5 0.2 12.6 1.6 1.4 1.9
χ (◦) 5/5 -20.4 6.4 . . . -21.4 -25.0 -9.7
J0423-0120 2.64 S (Jy) 22/23 3.188 0.219 6.9 3.205 2.816 3.833
Πl (Jy) 21/23 0.041 0.011 26.7 0.044 0.022 0.058
ml (%) 21/23 1.3 0.3 25.9 1.4 0.6 1.9
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Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
χ (◦) 21/21 70.1 14.9 . . . 67.5 43.3 101.5
4.85 S (Jy) 44/44 3.960 0.390 9.8 4.200 2.725 5.019
Πl (Jy) 36/44 0.044 0.015 34.6 0.042 0.018 0.102
|Πc| (Jy) 4/44 0.005 0.004 75.8 0.010 0.005 0.014
ml (%) 36/44 1.1 0.4 40.6 1.1 0.4 2.2
|mc| (%) 4/44 0.1 0.1 97.3 0.2 0.1 0.4
χ (◦) 36/36 -45.0 27.0 . . . -77.3 -126.4 -18.1
8.35 S (Jy) 42/42 4.776 0.884 18.5 4.902 2.503 6.217
Πl (Jy) 38/42 0.055 0.038 69.2 0.058 0.011 0.163
|Πc| (Jy) 2/42 0.016 0.000 0.6 0.016 0.016 0.016
ml (%) 38/42 1.1 0.8 72.1 1.3 0.2 3.2
|mc| (%) 2/42 0.3 0.0 16.4 0.3 0.3 0.4
χ (◦) 38/38 85.6 104.0 . . . 94.0 -52.0 209.8
10.45 S (Jy) 21/26 5.309 0.452 8.5 5.193 3.993 5.972
Πl (Jy) 11/26 0.112 0.049 43.4 0.132 0.044 0.255
ml (%) 11/26 2.1 0.9 43.6 2.4 0.8 4.7
χ (◦) 11/11 74.5 35.7 . . . 83.2 -5.3 128.6
J0433+0521 2.64 S (Jy) 2/4 3.617 0.100 2.8 3.596 3.526 3.667
Πl (Jy) 3/4 0.188 0.002 1.1 0.188 0.185 0.189
ml (%) 2/4 5.2 0.1 1.2 5.2 5.2 5.2
χ (◦) 3/3 -19.7 2.6 . . . -20.5 -21.9 -16.8
4.85 S (Jy) 2/3 2.780 0.025 0.9 2.789 2.771 2.807
Πl (Jy) 3/3 0.158 0.014 8.9 0.161 0.150 0.175
|Πc| (Jy) 0/3 nan nan nan nan nan nan
ml (%) 2/3 6.1 0.3 4.8 6.0 5.8 6.2
|mc| (%) 0/3 nan nan nan nan nan nan
χ (◦) 3/3 -9.7 0.8 . . . -9.5 -9.9 -7.8
8.35 S (Jy) 3/3 1.988 0.184 9.3 2.160 1.933 2.254
Πl (Jy) 2/3 0.175 0.002 1.3 0.176 0.174 0.177
|Πc| (Jy) 0/3 nan nan nan nan nan nan
ml (%) 3/3 7.6 0.4 5.7 7.9 7.4 8.1
|mc| (%) 0/3 nan nan nan nan nan nan
χ (◦) 2/2 -5.5 0.5 . . . -5.8 -6.1 -5.4
10.45 S (Jy) 4/6 2.120 0.098 4.6 2.038 1.933 2.204
Πl (Jy) 2/6 0.115 0.006 5.4 0.115 0.110 0.119
ml (%) 2/6 5.5 0.2 3.9 5.6 5.4 5.7
χ (◦) 2/2 -9.2 0.5 . . . -9.2 -9.5 -8.8
J0530+1331 2.64 S (Jy) 20/21 2.016 0.198 9.8 2.053 1.587 2.643
Πl (Jy) 19/21 0.064 0.010 15.4 0.063 0.046 0.095
ml (%) 19/21 2.9 0.6 19.4 3.1 2.0 4.7
χ (◦) 19/19 6.6 5.7 . . . 8.5 -22.2 15.2
4.85 S (Jy) 36/36 1.828 0.209 11.5 1.728 1.436 2.302
Πl (Jy) 36/36 0.090 0.015 16.3 0.098 0.063 0.109
|Πc| (Jy) 0/36 nan nan nan nan nan nan
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Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
ml (%) 36/36 5.1 0.8 16.1 5.3 3.6 6.6
|mc| (%) 0/36 nan nan nan nan nan nan
χ (◦) 36/36 -25.3 3.1 . . . -25.8 -32.9 -19.8
8.35 S (Jy) 34/35 1.442 0.204 14.1 1.507 1.198 1.897
Πl (Jy) 34/35 0.068 0.018 26.5 0.077 0.036 0.094
|Πc| (Jy) 4/35 0.007 0.004 54.5 0.011 0.005 0.014
ml (%) 34/35 4.5 1.4 31.7 5.3 2.2 6.8
|mc| (%) 4/35 0.5 0.2 51.0 0.7 0.3 0.8
χ (◦) 34/34 -31.0 4.2 . . . -31.6 -43.4 -20.1
10.45 S (Jy) 18/22 1.423 0.324 22.8 1.474 1.188 2.019
Πl (Jy) 7/22 0.054 0.013 24.1 0.052 0.035 0.076
ml (%) 7/22 3.2 1.2 35.7 2.9 2.1 5.0
χ (◦) 7/7 -34.7 7.4 . . . -34.9 -62.7 -26.8
J0654+4514 2.64 S (Jy) 15/16 0.461 0.151 32.9 0.568 0.273 0.756
Πl (Jy) 3/16 0.009 0.001 14.9 0.009 0.008 0.011
ml (%) 3/16 1.5 0.3 19.1 1.5 1.3 1.9
χ (◦) 3/3 36.6 28.4 . . . 48.6 4.4 58.5
4.85 S (Jy) 34/34 0.498 0.180 36.1 0.512 0.288 0.889
Πl (Jy) 3/34 0.012 0.004 35.0 0.014 0.008 0.019
|Πc| (Jy) 0/34 nan nan nan nan nan nan
ml (%) 3/34 2.1 0.2 7.7 2.1 2.1 2.9
|mc| (%) 0/34 nan nan nan nan nan nan
χ (◦) 3/3 55.4 60.6 . . . 29.2 -21.7 67.1
8.35 S (Jy) 32/32 0.568 0.208 36.6 0.474 0.296 1.194
Πl (Jy) 6/32 0.015 0.002 15.3 0.016 0.012 0.017
|Πc| (Jy) 1/32 0.003 0.000 nan 0.003 0.003 0.003
ml (%) 6/32 1.9 0.5 24.2 2.3 1.6 2.8
|mc| (%) 1/32 0.2 0.0 nan 0.2 0.2 0.2
χ (◦) 6/6 41.0 30.0 . . . 35.1 0.2 82.1
10.45 S (Jy) 16/20 0.524 0.167 31.9 0.549 0.351 1.299
Πl (Jy) 0/20 nan nan nan nan nan nan
ml (%) 0/20 nan nan nan nan nan nan
J0719+3307 2.64 S (Jy) 8/8 0.292 0.066 22.5 0.307 0.206 0.376
Πl (Jy) 0/8 nan nan nan nan nan nan
ml (%) 0/8 nan nan nan nan nan nan
4.85 S (Jy) 18/19 0.364 0.074 20.2 0.347 0.198 0.525
Πl (Jy) 0/19 nan nan nan nan nan nan
|Πc| (Jy) 1/19 0.003 0.000 nan 0.003 0.003 0.003
ml (%) 0/19 nan nan nan nan nan nan
|mc| (%) 1/19 0.6 0.0 nan 0.6 0.6 0.6
χ (◦) 0/1 nan nan . . . nan nan nan
8.35 S (Jy) 19/20 0.363 0.084 23.0 0.373 0.144 0.547
Πl (Jy) 2/20 0.009 0.001 12.4 0.010 0.009 0.010
|Πc| (Jy) 0/20 nan nan nan nan nan nan
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Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
ml (%) 2/20 2.1 0.2 10.0 2.2 2.0 2.4
|mc| (%) 0/20 nan nan nan nan nan nan
χ (◦) 2/2 -23.6 5.5 . . . -22.7 -26.6 -18.8
10.45 S (Jy) 9/10 0.314 0.109 34.7 0.343 0.142 0.535
Πl (Jy) 0/10 nan nan nan nan nan nan
ml (%) 0/10 nan nan nan nan nan nan
J0721+7120 2.64 S (Jy) 22/25 1.108 0.300 27.1 1.249 0.745 1.798
Πl (Jy) 18/25 0.033 0.022 65.1 0.033 0.008 0.073
ml (%) 18/25 2.9 1.5 51.6 2.9 0.7 5.1
χ (◦) 18/18 -20.0 30.1 . . . -13.9 -80.9 19.4
4.85 S (Jy) 44/44 1.224 0.517 42.2 1.428 0.695 2.472
Πl (Jy) 32/44 0.038 0.022 58.6 0.054 0.020 0.133
|Πc| (Jy) 3/44 0.010 0.002 18.8 0.010 0.009 0.013
ml (%) 32/44 2.3 1.4 59.3 3.5 1.1 6.8
|mc| (%) 3/44 0.7 0.3 49.7 0.7 0.6 1.4
χ (◦) 32/32 -188.4 94.9 . . . -170.2 -303.3 1.7
8.35 S (Jy) 40/41 1.491 0.564 37.8 1.714 0.791 3.080
Πl (Jy) 38/41 0.042 0.038 91.0 0.058 0.014 0.187
|Πc| (Jy) 6/41 0.005 0.002 44.6 0.006 0.004 0.011
ml (%) 39/41 2.2 2.2 98.6 3.3 0.0 9.7
|mc| (%) 6/41 0.3 0.1 43.5 0.4 0.2 0.7
χ (◦) 38/38 -197.4 59.2 . . . -175.6 -281.5 -19.0
10.45 S (Jy) 31/32 1.486 0.576 38.8 1.709 0.804 3.407
Πl (Jy) 14/32 0.087 0.060 69.1 0.076 0.025 0.222
ml (%) 14/32 4.2 2.5 58.4 4.0 0.8 10.1
χ (◦) 14/14 23.9 38.1 . . . 15.2 -58.7 102.0
J0730-1141 2.64 S (Jy) 18/18 3.436 0.276 8.0 3.452 3.054 4.549
Πl (Jy) 18/18 0.036 0.020 56.1 0.033 0.010 0.085
ml (%) 18/18 1.0 0.6 57.0 0.9 0.3 2.2
χ (◦) 18/18 28.2 52.8 . . . 25.2 -30.4 145.1
4.85 S (Jy) 38/38 4.785 0.856 17.9 4.792 3.933 6.583
Πl (Jy) 33/38 0.053 0.020 37.1 0.061 0.018 0.330
|Πc| (Jy) 3/38 0.026 0.005 19.2 0.026 0.020 0.030
ml (%) 33/38 1.1 0.4 38.5 1.3 0.4 5.0
|mc| (%) 3/38 0.4 0.1 17.7 0.4 0.3 0.5
χ (◦) 33/33 -196.2 43.2 . . . -204.1 -267.4 -58.0
8.35 S (Jy) 33/34 4.906 0.764 15.6 5.253 4.179 7.007
Πl (Jy) 30/34 0.064 0.029 45.0 0.071 0.023 0.198
|Πc| (Jy) 8/34 0.021 0.003 15.8 0.022 0.016 0.025
ml (%) 30/34 1.3 0.6 44.5 1.3 0.4 3.1
|mc| (%) 8/34 0.4 0.1 15.2 0.4 0.3 0.5
χ (◦) 30/30 -55.7 122.5 . . . 56.0 -204.2 110.6
10.45 S (Jy) 20/22 4.359 0.529 12.1 4.569 4.044 6.305
Πl (Jy) 8/22 0.063 0.030 48.1 0.056 0.024 0.118
151
Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
ml (%) 8/22 1.3 0.7 49.8 1.1 0.6 2.6
χ (◦) 8/8 -37.5 70.7 . . . 20.1 -93.5 79.3
J0738+1742 2.64 S (Jy) 17/18 0.980 0.128 13.0 0.947 0.776 1.169
Πl (Jy) 14/18 0.015 0.004 23.2 0.015 0.009 0.021
ml (%) 14/18 1.5 0.5 31.3 1.7 0.8 2.1
χ (◦) 14/14 12.3 5.5 . . . 10.5 1.2 22.8
4.85 S (Jy) 35/35 0.948 0.140 14.7 0.955 0.764 1.313
Πl (Jy) 9/35 0.016 0.003 21.7 0.016 0.013 0.024
|Πc| (Jy) 0/35 nan nan nan nan nan nan
ml (%) 9/35 1.4 0.3 23.0 1.8 1.2 2.0
|mc| (%) 0/35 nan nan nan nan nan nan
χ (◦) 9/9 -15.1 22.6 . . . -1.9 -43.0 17.8
8.35 S (Jy) 33/33 0.830 0.153 18.4 0.906 0.659 1.237
Πl (Jy) 16/33 0.011 0.005 41.4 0.013 0.007 0.024
|Πc| (Jy) 0/33 nan nan nan nan nan nan
ml (%) 16/33 1.2 0.4 29.6 1.2 0.9 2.0
|mc| (%) 0/33 nan nan nan nan nan nan
χ (◦) 16/16 -27.1 38.6 . . . -28.4 -87.4 22.2
10.45 S (Jy) 21/21 0.889 0.207 23.3 0.910 0.576 1.154
Πl (Jy) 4/21 0.022 0.004 17.8 0.022 0.017 0.026
ml (%) 4/21 2.0 0.4 17.9 2.0 1.6 2.4
χ (◦) 4/4 -59.1 11.3 . . . -60.8 -67.4 -42.5
J0750+1231 2.64 S (Jy) 2/2 2.986 0.048 1.6 3.011 2.977 3.045
Πl (Jy) 2/2 0.035 0.004 12.4 0.034 0.031 0.038
ml (%) 2/2 1.2 0.2 13.9 1.1 1.0 1.3
χ (◦) 2/2 -27.0 3.4 . . . -26.3 -28.7 -23.9
4.85 S (Jy) 2/3 3.434 0.009 0.3 3.431 3.425 3.438
Πl (Jy) 1/3 0.030 0.000 nan 0.030 0.030 0.030
|Πc| (Jy) 1/3 0.005 0.000 nan 0.005 0.005 0.005
ml (%) 1/3 0.9 0.0 nan 0.9 0.9 0.9
|mc| (%) 1/3 0.1 0.0 nan 0.1 0.1 0.1
χ (◦) 1/1 45.1 0.0 . . . 45.1 45.1 45.1
8.35 S (Jy) 2/3 3.604 0.060 1.7 3.623 3.580 3.665
Πl (Jy) 3/3 0.048 0.008 16.7 0.042 0.039 0.051
|Πc| (Jy) 1/3 0.012 0.000 nan 0.012 0.012 0.012
ml (%) 2/3 1.1 0.0 4.5 1.1 1.1 1.1
|mc| (%) 1/3 0.3 0.0 nan 0.3 0.3 0.3
χ (◦) 3/3 53.2 5.7 . . . 51.2 47.7 59.6
10.45 S (Jy) 3/4 3.585 0.161 4.5 3.633 3.414 4.028
Πl (Jy) 0/4 nan nan nan nan nan nan
ml (%) 0/4 nan nan nan nan nan nan
J0808-0751 2.64 S (Jy) 12/12 1.279 0.110 8.6 1.288 1.086 1.488
Πl (Jy) 12/12 0.028 0.004 15.9 0.028 0.019 0.034
ml (%) 12/12 2.1 0.3 16.3 2.2 1.4 3.0
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Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
χ (◦) 12/12 25.4 3.3 . . . 27.2 21.5 35.3
4.85 S (Jy) 19/19 1.307 0.292 22.4 1.331 0.959 1.842
Πl (Jy) 10/19 0.024 0.002 9.0 0.025 0.020 0.029
|Πc| (Jy) 0/19 nan nan nan nan nan nan
ml (%) 10/19 2.5 0.4 14.8 2.1 1.4 2.5
|mc| (%) 0/19 nan nan nan nan nan nan
χ (◦) 10/10 47.2 6.1 . . . 48.0 22.3 67.3
8.35 S (Jy) 17/17 1.159 0.284 24.5 1.228 0.860 1.821
Πl (Jy) 15/17 0.024 0.011 44.5 0.023 0.011 0.049
|Πc| (Jy) 0/17 nan nan nan nan nan nan
ml (%) 15/17 1.8 0.9 48.1 2.1 0.9 4.1
|mc| (%) 0/17 nan nan nan nan nan nan
χ (◦) 15/15 65.8 14.4 . . . 56.2 29.7 75.2
10.45 S (Jy) 13/15 1.235 0.294 23.8 1.176 0.830 1.591
Πl (Jy) 2/15 0.026 0.002 6.2 0.026 0.025 0.027
ml (%) 2/15 2.9 0.1 3.7 2.9 2.8 2.9
χ (◦) 2/2 54.1 17.5 . . . 55.0 42.6 67.4
J0818+4222 2.64 S (Jy) 20/21 1.278 0.195 15.3 1.374 1.030 1.709
Πl (Jy) 16/21 0.021 0.007 33.9 0.021 0.010 0.037
ml (%) 16/21 1.5 0.6 38.0 1.5 0.6 2.7
χ (◦) 16/16 -93.0 31.9 . . . -96.9 -128.1 -10.1
4.85 S (Jy) 43/43 1.367 0.294 21.5 1.422 0.956 1.875
Πl (Jy) 26/43 0.024 0.009 37.5 0.027 0.014 0.055
|Πc| (Jy) 3/43 0.004 0.001 26.7 0.004 0.004 0.006
ml (%) 26/43 1.8 0.7 41.9 1.9 0.9 3.6
|mc| (%) 3/43 0.3 0.0 12.1 0.3 0.3 0.4
χ (◦) 26/26 -51.8 40.8 . . . -53.0 -150.8 -11.8
8.35 S (Jy) 40/41 1.208 0.291 24.1 1.231 0.891 1.861
Πl (Jy) 33/41 0.023 0.013 57.6 0.022 0.011 0.079
|Πc| (Jy) 3/41 0.005 0.002 33.5 0.005 0.004 0.007
ml (%) 33/41 2.1 0.8 40.7 2.2 0.9 4.7
|mc| (%) 3/41 0.5 0.2 32.8 0.5 0.4 0.8
χ (◦) 33/33 -59.1 46.8 . . . -32.0 -166.0 -8.9
10.45 S (Jy) 21/22 1.213 0.350 28.8 1.236 0.848 1.816
Πl (Jy) 3/22 0.036 0.013 36.8 0.042 0.021 0.045
ml (%) 3/22 2.5 0.2 9.0 2.3 2.2 2.6
χ (◦) 3/3 -29.9 18.6 . . . -22.3 -48.9 -19.5
J0824+5552 2.64 S (Jy) 8/10 1.090 0.048 4.4 1.087 0.998 1.147
Πl (Jy) 7/10 0.044 0.006 12.8 0.047 0.034 0.048
ml (%) 7/10 4.0 0.4 8.8 4.1 3.4 4.5
χ (◦) 7/7 -0.2 2.4 . . . -0.2 -4.7 2.5
4.85 S (Jy) 16/16 0.919 0.039 4.3 0.916 0.794 1.028
Πl (Jy) 11/16 0.030 0.003 10.8 0.032 0.029 0.037
|Πc| (Jy) 0/16 nan nan nan nan nan nan
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Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
ml (%) 11/16 3.3 0.3 8.8 3.4 3.0 3.9
|mc| (%) 0/16 nan nan nan nan nan nan
χ (◦) 11/11 0.8 4.5 . . . 2.6 -6.5 12.6
8.35 S (Jy) 15/15 0.826 0.065 7.9 0.793 0.660 0.962
Πl (Jy) 13/15 0.030 0.005 16.7 0.025 0.020 0.037
|Πc| (Jy) 0/15 nan nan nan nan nan nan
ml (%) 13/15 3.7 0.6 16.8 3.4 2.0 4.9
|mc| (%) 0/15 nan nan nan nan nan nan
χ (◦) 13/13 2.1 3.6 . . . 1.8 -9.0 12.0
10.45 S (Jy) 9/11 0.780 0.091 11.6 0.734 0.656 0.958
Πl (Jy) 2/11 0.022 0.001 6.5 0.022 0.021 0.023
ml (%) 2/11 2.8 0.7 27.0 2.7 2.2 3.3
χ (◦) 2/2 0.2 11.5 . . . 1.9 -6.2 10.1
J0830+2410 2.64 S (Jy) 1/1 0.958 0.000 nan 0.958 0.958 0.958
Πl (Jy) 0/1 nan nan nan nan nan nan
ml (%) 0/1 nan nan nan nan nan nan
4.85 S (Jy) 1/1 1.171 0.000 nan 1.171 1.171 1.171
Πl (Jy) 1/1 0.041 0.000 nan 0.041 0.041 0.041
|Πc| (Jy) 0/1 nan nan nan nan nan nan
ml (%) 1/1 3.5 0.0 nan 3.5 3.5 3.5
|mc| (%) 0/1 nan nan nan nan nan nan
χ (◦) 1/1 48.6 0.0 . . . 48.6 48.6 48.6
8.35 S (Jy) 1/1 1.149 0.000 nan 1.149 1.149 1.149
Πl (Jy) 1/1 0.033 0.000 nan 0.033 0.033 0.033
|Πc| (Jy) 0/1 nan nan nan nan nan nan
ml (%) 1/1 2.8 0.0 nan 2.8 2.8 2.8
|mc| (%) 0/1 nan nan nan nan nan nan
χ (◦) 1/1 42.4 0.0 . . . 42.4 42.4 42.4
10.45 S (Jy) 1/1 1.066 0.000 nan 1.066 1.066 1.066
Πl (Jy) 0/1 nan nan nan nan nan nan
ml (%) 0/1 nan nan nan nan nan nan
J0841+7053 2.64 S (Jy) 17/19 2.503 0.113 4.5 2.505 2.316 2.827
Πl (Jy) 16/19 0.197 0.009 4.7 0.194 0.172 0.214
ml (%) 16/19 7.8 0.7 8.8 7.9 6.1 8.9
χ (◦) 16/16 -80.3 1.2 . . . -80.3 -82.3 -78.1
4.85 S (Jy) 33/34 2.247 0.562 25.0 2.212 1.717 3.461
Πl (Jy) 33/34 0.122 0.005 4.2 0.121 0.109 0.138
|Πc| (Jy) 0/34 nan nan nan nan nan nan
ml (%) 33/34 4.7 1.2 25.3 5.1 3.5 7.0
|mc| (%) 0/34 nan nan nan nan nan nan
χ (◦) 33/33 -77.8 1.9 . . . -79.0 -81.2 -70.8
8.35 S (Jy) 31/32 2.611 0.518 19.8 2.924 1.664 3.202
Πl (Jy) 31/32 0.126 0.015 12.2 0.118 0.093 0.172
|Πc| (Jy) 5/32 0.013 0.003 22.2 0.013 0.009 0.018
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Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
ml (%) 31/32 4.6 0.8 17.6 4.8 3.1 6.8
|mc| (%) 5/32 0.4 0.1 34.7 0.4 0.3 0.9
χ (◦) 31/31 -83.3 1.9 . . . -83.2 -86.0 -78.2
10.45 S (Jy) 22/24 2.595 0.502 19.3 2.921 1.839 3.190
Πl (Jy) 8/24 0.073 0.013 18.0 0.074 0.049 0.095
ml (%) 8/24 2.6 0.7 25.3 2.5 1.6 3.7
χ (◦) 8/8 -86.3 12.3 . . . -81.5 -106.4 -73.2
J0849+5108 2.64 S (Jy) 6/8 0.200 0.016 8.0 0.205 0.191 0.228
Πl (Jy) 0/8 nan nan nan nan nan nan
ml (%) 0/8 nan nan nan nan nan nan
4.85 S (Jy) 12/12 0.219 0.024 11.0 0.204 0.179 0.247
Πl (Jy) 0/12 nan nan nan nan nan nan
|Πc| (Jy) 0/12 nan nan nan nan nan nan
ml (%) 0/12 nan nan nan nan nan nan
|mc| (%) 0/12 nan nan nan nan nan nan
8.35 S (Jy) 12/13 0.239 0.032 13.3 0.259 0.203 0.302
Πl (Jy) 0/13 nan nan nan nan nan nan
|Πc| (Jy) 0/13 nan nan nan nan nan nan
ml (%) 0/13 nan nan nan nan nan nan
|mc| (%) 0/13 nan nan nan nan nan nan
10.45 S (Jy) 7/7 0.271 0.074 27.3 0.258 0.137 0.345
Πl (Jy) 0/7 nan nan nan nan nan nan
ml (%) 0/7 nan nan nan nan nan nan
J0854+2006 2.64 S (Jy) 20/22 3.467 0.381 11.0 3.673 2.716 4.174
Πl (Jy) 19/22 0.073 0.034 46.5 0.078 0.028 0.155
ml (%) 19/22 2.0 1.0 52.8 2.2 0.8 4.8
χ (◦) 19/19 -21.2 15.1 . . . -21.4 -64.2 4.2
4.85 S (Jy) 46/47 3.929 0.956 24.3 4.156 2.737 5.650
Πl (Jy) 42/47 0.092 0.045 48.8 0.092 0.022 0.224
|Πc| (Jy) 6/47 0.007 0.005 77.0 0.013 0.003 0.026
ml (%) 42/47 2.3 1.0 44.6 2.2 0.4 5.3
|mc| (%) 6/47 0.1 0.1 87.6 0.3 0.1 0.5
χ (◦) 42/42 -40.0 24.4 . . . -33.8 -102.5 14.3
8.35 S (Jy) 46/46 4.772 1.272 26.7 4.841 2.889 7.363
Πl (Jy) 46/46 0.094 0.063 67.1 0.129 0.023 0.384
|Πc| (Jy) 5/46 0.014 0.008 56.0 0.019 0.007 0.027
ml (%) 46/46 2.0 1.2 59.3 2.8 0.6 6.6
|mc| (%) 5/46 0.3 0.1 45.3 0.3 0.1 0.7
χ (◦) 46/46 115.1 72.7 . . . 134.9 -57.6 187.3
10.45 S (Jy) 25/26 4.991 0.989 19.8 5.314 3.607 7.228
Πl (Jy) 19/26 0.136 0.076 56.3 0.158 0.065 0.518
ml (%) 19/26 2.8 1.4 49.4 3.2 1.4 7.7
χ (◦) 19/19 -44.9 18.0 . . . -42.8 -96.2 -22.5
J0920+4441 2.64 S (Jy) 20/22 1.055 0.021 2.0 1.054 1.003 1.105
155
Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
Πl (Jy) 17/22 0.026 0.002 8.9 0.026 0.022 0.031
ml (%) 17/22 2.5 0.2 9.3 2.4 2.1 2.9
χ (◦) 17/17 -56.6 3.0 . . . -57.3 -64.7 -50.9
4.85 S (Jy) 35/35 1.207 0.052 4.3 1.217 1.041 1.269
Πl (Jy) 28/35 0.027 0.003 9.6 0.027 0.020 0.035
|Πc| (Jy) 1/35 0.003 0.000 nan 0.003 0.003 0.003
ml (%) 28/35 2.3 0.2 6.9 2.3 1.8 2.8
|mc| (%) 1/35 0.2 0.0 nan 0.2 0.2 0.2
χ (◦) 28/28 -79.9 10.8 . . . -75.3 -105.8 -55.1
8.35 S (Jy) 33/33 1.469 0.170 11.6 1.534 1.078 1.687
Πl (Jy) 29/33 0.032 0.013 40.2 0.039 0.012 0.047
|Πc| (Jy) 4/33 0.006 0.002 39.7 0.007 0.004 0.011
ml (%) 29/33 2.1 1.0 45.3 2.7 0.7 3.5
|mc| (%) 4/33 0.4 0.1 32.7 0.4 0.3 0.8
χ (◦) 29/29 -65.0 18.3 . . . -63.8 -91.4 -14.7
10.45 S (Jy) 22/24 1.619 0.185 11.5 1.648 1.213 1.845
Πl (Jy) 6/24 0.049 0.006 12.0 0.048 0.042 0.055
ml (%) 6/24 3.4 0.5 13.7 3.3 2.9 4.1
χ (◦) 6/6 -59.1 5.5 . . . -56.5 -65.8 -51.8
J0948+0022 2.64 S (Jy) 21/23 0.182 0.029 16.0 0.189 0.131 0.234
Πl (Jy) 1/23 0.012 0.000 nan 0.012 0.012 0.012
ml (%) 1/23 6.9 0.0 nan 6.9 6.9 6.9
χ (◦) 1/1 41.6 0.0 . . . 41.6 41.6 41.6
4.85 S (Jy) 45/47 0.286 0.056 19.7 0.271 0.163 0.460
Πl (Jy) 0/47 nan nan nan nan nan nan
|Πc| (Jy) 0/47 nan nan nan nan nan nan
ml (%) 0/47 nan nan nan nan nan nan
|mc| (%) 0/47 nan nan nan nan nan nan
8.35 S (Jy) 45/45 0.394 0.107 27.2 0.364 0.191 0.754
Πl (Jy) 0/45 nan nan nan nan nan nan
|Πc| (Jy) 0/45 nan nan nan nan nan nan
ml (%) 0/45 nan nan nan nan nan nan
|mc| (%) 0/45 nan nan nan nan nan nan
10.45 S (Jy) 28/30 0.443 0.163 36.7 0.449 0.254 0.901
Πl (Jy) 1/30 0.017 0.000 nan 0.017 0.017 0.017
ml (%) 1/30 2.3 0.0 nan 2.3 2.3 2.3
χ (◦) 1/1 -80.2 0.0 . . . -80.2 -80.2 -80.2
J0958+6533 2.64 S (Jy) 14/15 1.124 0.160 14.3 1.135 0.846 1.401
Πl (Jy) 14/15 0.078 0.013 17.1 0.079 0.058 0.102
ml (%) 14/15 6.9 1.0 14.2 6.9 5.3 8.9
χ (◦) 14/14 -16.0 5.4 . . . -15.7 -31.0 -8.6
4.85 S (Jy) 26/26 1.092 0.168 15.4 1.184 0.797 1.567
Πl (Jy) 25/26 0.080 0.024 29.9 0.088 0.041 0.161
|Πc| (Jy) 2/26 0.005 0.002 54.2 0.006 0.004 0.008
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Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
ml (%) 25/26 7.6 1.3 17.1 7.3 3.2 10.5
|mc| (%) 2/26 0.4 0.1 28.7 0.4 0.3 0.5
χ (◦) 25/25 -9.3 4.7 . . . -10.7 -33.2 4.5
8.35 S (Jy) 25/27 1.115 0.156 14.0 1.196 0.855 1.743
Πl (Jy) 25/27 0.069 0.025 36.3 0.097 0.039 0.233
|Πc| (Jy) 3/27 0.005 0.008 154.2 0.009 0.003 0.020
ml (%) 25/27 6.7 1.7 25.0 7.5 3.5 15.0
|mc| (%) 3/27 0.5 0.6 126.0 0.8 0.3 1.4
χ (◦) 25/25 -5.9 5.7 . . . -4.0 -24.8 12.2
10.45 S (Jy) 14/18 1.171 0.172 14.7 1.120 0.864 1.425
Πl (Jy) 3/18 0.067 0.025 37.6 0.064 0.040 0.089
ml (%) 3/18 5.6 2.0 35.6 6.3 3.2 6.8
χ (◦) 3/3 -16.2 13.2 . . . -5.4 -23.0 1.0
J1104+3812 2.64 S (Jy) 25/26 0.777 0.087 11.1 0.779 0.662 0.938
Πl (Jy) 1/26 0.008 0.000 nan 0.008 0.008 0.008
ml (%) 1/26 0.9 0.0 nan 0.9 0.9 0.9
χ (◦) 1/1 70.2 0.0 . . . 70.2 70.2 70.2
4.85 S (Jy) 43/44 0.679 0.099 14.6 0.659 0.558 0.947
Πl (Jy) 6/44 0.012 0.002 13.3 0.013 0.010 0.013
|Πc| (Jy) 0/44 nan nan nan nan nan nan
ml (%) 6/44 1.9 0.2 12.6 1.9 1.6 2.1
|mc| (%) 0/44 nan nan nan nan nan nan
χ (◦) 6/6 46.8 6.2 . . . 45.2 33.6 62.0
8.35 S (Jy) 42/44 0.588 0.098 16.6 0.597 0.462 0.916
Πl (Jy) 17/44 0.013 0.006 46.2 0.013 0.008 0.026
|Πc| (Jy) 1/44 0.004 0.000 nan 0.004 0.004 0.004
ml (%) 17/44 2.1 0.9 42.2 2.2 1.3 4.4
|mc| (%) 1/44 0.5 0.0 nan 0.5 0.5 0.5
χ (◦) 17/17 -16.7 15.5 . . . -20.6 -53.4 7.2
10.45 S (Jy) 30/31 0.596 0.112 18.7 0.611 0.436 0.919
Πl (Jy) 3/31 0.020 0.003 14.3 0.018 0.018 0.023
ml (%) 3/31 3.2 0.6 18.1 3.1 2.7 3.9
χ (◦) 3/3 -44.5 3.1 . . . -45.5 -46.9 -40.7
J1130-1449 2.64 S (Jy) 22/22 3.819 0.075 2.0 3.826 3.624 3.938
Πl (Jy) 22/22 0.168 0.013 7.9 0.169 0.132 0.243
ml (%) 22/22 4.4 0.4 8.2 4.4 3.4 6.2
χ (◦) 22/22 -14.4 3.2 . . . -14.0 -22.1 -8.5
4.85 S (Jy) 38/39 3.243 0.159 4.9 3.026 2.911 3.629
Πl (Jy) 38/39 0.168 0.011 6.5 0.165 0.154 0.200
|Πc| (Jy) 3/39 0.011 0.004 34.0 0.011 0.006 0.013
ml (%) 38/39 5.3 0.4 8.1 5.5 4.4 6.0
|mc| (%) 3/39 0.4 0.1 35.2 0.4 0.2 0.4
χ (◦) 38/38 -26.7 2.5 . . . -26.6 -30.6 -21.3
8.35 S (Jy) 37/38 2.630 0.315 12.0 2.565 2.257 3.716
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Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
Πl (Jy) 36/38 0.121 0.011 8.9 0.117 0.108 0.159
|Πc| (Jy) 1/38 0.006 0.000 nan 0.006 0.006 0.006
ml (%) 36/38 4.3 0.8 17.5 4.6 2.9 5.6
|mc| (%) 1/38 0.2 0.0 nan 0.2 0.2 0.2
χ (◦) 36/36 -23.8 2.9 . . . -24.2 -27.8 -17.9
10.45 S (Jy) 23/26 2.318 0.151 6.5 2.377 1.905 2.722
Πl (Jy) 11/26 0.086 0.028 32.8 0.093 0.019 0.128
ml (%) 11/26 3.5 1.3 36.4 3.8 0.8 6.7
χ (◦) 11/11 -31.5 6.3 . . . -33.3 -49.5 -18.7
J1136+7009 2.64 S (Jy) 1/1 0.304 0.000 nan 0.304 0.304 0.304
Πl (Jy) 0/1 nan nan nan nan nan nan
ml (%) 0/1 nan nan nan nan nan nan
4.85 S (Jy) 3/4 0.318 0.003 1.0 0.317 0.317 0.323
Πl (Jy) 0/4 nan nan nan nan nan nan
|Πc| (Jy) 0/4 nan nan nan nan nan nan
ml (%) 0/4 nan nan nan nan nan nan
|mc| (%) 0/4 nan nan nan nan nan nan
8.35 S (Jy) 3/4 0.276 0.004 1.5 0.275 0.274 0.281
Πl (Jy) 1/4 0.011 0.000 nan 0.011 0.011 0.011
|Πc| (Jy) 0/4 nan nan nan nan nan nan
ml (%) 1/4 3.8 0.0 nan 3.8 3.8 3.8
|mc| (%) 0/4 nan nan nan nan nan nan
χ (◦) 1/1 -14.0 0.0 . . . -14.0 -14.0 -14.0
10.45 S (Jy) 1/1 0.218 0.000 nan 0.218 0.218 0.218
Πl (Jy) 0/1 nan nan nan nan nan nan
ml (%) 0/1 nan nan nan nan nan nan
J1159+2914 2.64 S (Jy) 22/24 2.029 0.260 12.8 2.168 1.547 2.401
Πl (Jy) 22/24 0.023 0.007 32.9 0.023 0.009 0.034
ml (%) 22/24 1.0 0.4 33.8 1.0 0.5 2.0
χ (◦) 22/22 99.0 15.5 . . . 100.2 69.9 124.0
4.85 S (Jy) 36/36 1.947 0.521 26.8 2.080 1.164 2.824
Πl (Jy) 26/36 0.023 0.007 30.6 0.025 0.011 0.042
|Πc| (Jy) 2/36 0.006 0.003 45.7 0.007 0.005 0.008
ml (%) 26/36 1.2 0.5 44.2 1.3 0.5 3.0
|mc| (%) 2/36 0.3 0.1 31.5 0.3 0.2 0.3
χ (◦) 26/26 -187.9 96.9 . . . -219.4 -285.4 -80.7
8.35 S (Jy) 35/35 1.633 0.419 25.7 1.769 1.060 3.220
Πl (Jy) 32/35 0.031 0.016 51.5 0.032 0.011 0.084
|Πc| (Jy) 0/35 nan nan nan nan nan nan
ml (%) 32/35 1.8 0.7 37.0 1.7 0.6 3.4
|mc| (%) 0/35 nan nan nan nan nan nan
χ (◦) 32/32 -213.2 63.8 . . . -203.6 -285.1 -16.9
10.45 S (Jy) 23/25 1.676 0.369 22.0 1.694 1.191 2.860
Πl (Jy) 4/25 0.055 0.021 38.5 0.049 0.026 0.076
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Table A.1: continued.
Source Freq. x Nsign 〈x〉 σx mi median min max
(GHz) (%)
ml (%) 4/25 2.9 0.5 17.7 2.9 2.0 3.3
χ (◦) 4/4 33.0 12.5 . . . 32.0 1.1 79.6
J1217+3007 2.64 S (Jy) 19/20 0.461 0.018 4.0 0.456 0.421 0.491
Πl (Jy) 18/20 0.025 0.001 4.3 0.025 0.023 0.028
ml (%) 18/20 5.4 0.3 4.7 5.4 5.1 5.9
χ (◦) 18/18 56.4 1.3 . . . 56.4 52.8 59.9
4.85 S (Jy) 39/39 0.420 0.011 2.5 0.415 0.396 0.443
Πl (Jy) 27/39 0.020 0.001 7.5 0.019 0.015 0.022
|Πc| (Jy) 0/39 nan nan nan nan nan nan
ml (%) 28/39 4.7 0.3 6.5 4.6 3.8 5.2
|mc| (%) 0/39 nan nan nan nan nan nan
χ (◦) 27/27 51.5 10.1 . . . 52.9 36.3 67.9
8.35 S (Jy) 37/37 0.380 0.021 5.6 0.389 0.353 0.420
Πl (Jy) 32/37 0.013 0.002 12.4 0.013 0.010 0.015
|Πc| (Jy) 0/37 nan nan nan nan nan nan
ml (%) 32/37 3.3 0.4 13.1 3.4 2.5 4.2
|mc| (%) 0/37 nan nan nan nan nan nan
χ (◦) 32/32 51.8 7.0 . . . 56.8 34.6 75.4
10.45 S (Jy) 18/21 0.371 0.024 6.5 0.364 0.328 0.403
Πl (Jy) 0/21 nan nan nan nan nan nan
ml (%) 0/21 nan nan nan nan nan nan
J1221+2813 2.64 S (Jy) 18/20 0.527 0.038 7.3 0.514 0.492 0.631
Πl (Jy) 13/20 0.010 0.002 20.9 0.010 0.007 0.015
ml (%) 13/20 2.0 0.4 19.1 2.0 1.2 2.6
χ (◦) 13/13 -7.0 9.2 . . . -6.0 -24.6 13.1
4.85 S (Jy) 36/36 0.535 0.098 18.2 0.498 0.450 0.743
Πl (Jy) 14/36 0.016 0.004 23.1 0.015 0.010 0.021
|Πc| (Jy) 0/36 nan nan nan nan nan nan
ml (%) 16/36 2.4 1.0 39.4 2.7 0.0 3.3
|mc| (%) 0/36 nan nan nan nan nan nan
χ (◦) 14/14 -13.0 13.5 . . . -15.1 -32.7 14.5
8.35 S (Jy) 35/35 0.487 0.067 13.8 0.475 0.291 0.780
Πl (Jy) 3/35 0.012 0.000 3.6 0.012 0.012 0.013
|Πc| (Jy) 1/35 0.003 0.000 nan 0.003 0.003 0.003
ml (%) 3/35 2.9 0.4 14.4 2.9 2.1 3.1
|mc| (%) 1/35 0.6 0.0 nan 0.6 0.6 0.6
χ (◦) 3/3 0.4 3.3 . . . 4.2 0.0 5.6
10.45 S (Jy) 21/21 0.484 0.068 14.1 0.474 0.428 0.685
Πl (Jy) 0/21 nan nan nan nan nan nan
ml (%) 0/21 nan nan nan nan nan nan
J1224+2122 2.64 S (Jy) 2/2 2.055 0.353 17.2 1.866 1.616 2.115
Πl (Jy) 2/2 0.072 0.002 2.3 0.072 0.070 0.073
ml (%) 2/2 3.8 0.8 21.7 3.9 3.3 4.5
χ (◦) 2/2 -40.9 10.0 . . . -41.0 -48.0 -33.9
